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(c)  abstract  (m 


The  purpose  of  this  research  program  was  to  define,  by  analysis  and  experimental 
evaluations,  the  design  criteria  and  performance  characteristics  of  a  high-pres- 
sure-ratio,  single-stage  centrifugal  compressor.  The  overall  performance  target 
was  a  pressure  ratio  of  10:1  at  an  efficiency  of  80  percent  and  at  an  airflow  rate  of 
2.  0  pounds  per  second.  The  research  was  expected  to  lead  to  development 
of  advanced  technology,  applicable  to  small  gas-turbine  engines. 

The  research  plan  was  to  design  4  impellers  and  4  diffusers  using  the  best  avail- 

'  able  knowledge.  The  components  were  to  be  tested  and  the  design  methods  evalu¬ 

ated.  Further  tests  were  to  be  conducted  with  modified  components  to  evaluate 
improvements  in  the  design  methods  and  add  to  the  basic  understanding. 

(  Each  impeller  was  designed  io  provide  a  total-to-total  pressure  ratio  of  about 

13:1  at  a  tip  speed  of  2000  fps,  resulting  in  an  absolute  Mach  number  leaving  the 
impeller  of  about  1.3.  The  inducers  were  designed  with  inlet-relative  Mach  num¬ 
bers  from  0.95  to  1.23,  and  the  selected  impeller  diameters  were  from  6.0  to 
8.0  inches. 

The  diffusers  were  designed  to  match  11  o  impeller  discharge  Mach  number  of  1.3. 
Water-table  studies  were  conducted  with  diffuser  models  to  develop  preliminary 
evaluations  of  the  flow  characteristics.  Four  diffuser  models  were  selected  for 
test  with  the  same  impeller*  The  diffuser  test  rig  was  instrumented  with  schlie- 
ren  photography  to  evaluate  the  shock  system  of  the  diffuser.  Diffuser  models 
were  designed  to  vary  vaneless- space-diameter  ratio,  throat  Mach  number  and 
throat  area  for  investigating  flow  behavior  and  variable- airflow-capacity  as  a 
means  of  improving  part  load  fuel  consumption. 

From  test  results,  best  total-to-total  pressure  ratio  was  10:1  for  the  research 
impellers  and  11.6:1  for  the  diffuser  research  impeller,  which  was  1  to  2  atmos¬ 
pheres  below  the  target.  Based  on  these  results,  methods  for  predicting  perform¬ 
ance  and  evaluating  the  flow  characteristics  of  the  impellers  were  reviewed.  A 
revised  flow  model  was  developed  to  account  for  differences  in  flow  behavior  for 
several  impellers,  including  two  from  previous  research  programs. 

Diffuser  performance  equal  to  the  design  requirements  was  demonstrated  during 
compressor  tests.  A  flow  model  created  for  the  diffuser  showed  that  the  stream¬ 
lines  through  the  vaneless  space  did  not  follow  a  conventional  free-vortex  distribu¬ 
tion.  Instead,  only  modest,  diffusion  took  place  in  the  vaneless  and  semivaneless 
spaces.  Just  before  the  vanes,  a  shock  occurred  which  produced  a  subsonic  Mach 
number  in  the  channel  throat.  Single-channel  diffuser  tests  were  also  conducted 
to  obtain  basic  channel  performance  data.  These  tests  showed,  contrary  to  the 
available  literature,  that  for  two- dimensional- channel  diffusers,  performance 
was  nearly  constant  to  a  throat  Mach  number  of  1.0.  This  finding' was  a 


significant  contribution  to  the  fundamental  understanding  of  subsonic  two- 
dimensional  diffusers  and  provided  new  information  for  channel  design. 

It  was  concluded  from  this  compressor  resear  ch  program  that  there  are  no 
known  fundamental  reasons  preventing  the  development  of  a  high-pressure-ratio 
centrifugal  stage.  Overall  compressor  pressure  ratios  of  9,4:1  at  efficiency 
levels  of  72  percent  were  demonstrated.  Principal  performance  deficiencies  of 
the  compressor  were  identified  as  impeller  exit  mixing  and  the  diffuser  channel 
loss.  Although  the  diffuser  met  the  original  performance  target,  the  research 
has  shown  that  further  improvement  must  be  expected.  Design  methods  were 
established  which  led  to  a  new  compressor  to  be  presented  in  a  follow-on  report. 

Although  the  targeted  efficiency  was  not  demonstrated  in  tests  of  the  overall 
compressor,  significant  new  technology  was  established,  producing  understanding 
of  transonic  flows  in  impellers  and  diffusers. 


(U)  FOREWORD 


The  program  reported  in  this  document  was  conducted  for  the  U.  S.  Army 
Aviation  Materiel  Laboratories  (USAAVLABS)  and  was  authorized  by  Task 
1M121402D 14413  under  contract  DA  44-177-AMC-173(T)  in  May,  1964.  The 
work  involved  research  aimed  at  advancing  the  technology  of  high-pressure-ratio 
centrifugal  compressors;  it  was  performed  concurrently  with  similar  programs 
related  to  high- temperature  turbines  and  compact,  lightweight  regenerators  for 
small  gas-turbine  engines. 

•  This  report  covers  basic  studies,  analyses,  and  experimental  evaluations  of 

Impellers  and  diffusers  designed  to  provide  technologies  for  achieving  a  single- 
stage  pressure  ratio  of  10:1  at  an  adiabatic  efficiency  of  80  percent.  A  follow-on 
report,  USAAVLABS  Technical  Report  67-47  ’’Design  and  Development  of  Small* 

Single-Stage  Centrifugal  Comprc  isor"  (U)  (Classified  Confidential)  covers 
the  application  and  evaluation  of  these  technologies  for  a  complete  compressor. 

Portions  of  the  report  have  been  classified,  inasmuch  as  they  present  new 
theories  on  flow  phenomena  throughout  the  compressor.  Sections  so  designated 
are  as  follows: 

Summary; 

Section  2.0,  Analytical  Studies; 

Section  6.0,  Test  Results; 

Section  7.0,  Evaluation  of  Test  Results; 

Appendix  I,  Impeller  Radial- Equilibrium  Design; 

Appendix  X,  Schlieren  Photographs. 

Acknowledgment  is  given  to  Mr.  LeRoy  H.  Hubert,  Project  Engineer  for 
USAAVLABS,  and  to  the  following  individuals  from  The  Boeing  Company  who 
assisted  in  the  preparation  of  material  contained  in  this  report:  Messrs.  D.  F. 
Allred,  Design  Engineer;  S.  L.  Bryant,  Design  Engineer;  H.  H.  Burlingame, 
Instrumentation  Engineer;  T.  D.  Cohen,  Instrumentation  Engineer;  C.  R. 

Johnson,  Test  Engineer;  C.  M.  Lewis,  Stress  Engineer;  P.  G.  Schorr,  Compres¬ 
sor  Research  Engineer;  R.  C.  Walker,  Instrumentation  Engineer;  and  L.  J. 

Winslow,  Compressor  Research  Engineer. 

For  their  assistance  and  efforts  in  specialized  areas  of  research,  credit  is  given 
to  Dr.  R.  C.  Dean  and  Dr.  P.  W.  Runstadler,  both  of  Creare,  Incorporated, 
Hanover,  New  Hampshire. 


v 


-i 


'  r 


(U)  CONTENTS 


Page 

ATTRACT . - . iii 

FOREWORD .  .  v 

LIS^  OF  ILLUSTRATIONS . ix 

LIST  OF  TABLES . xxiv 

SYMBOLS . xxxvii 

SUMMARY .  1 

1.0  INTRODUCTION .  7 

1.1  Objective . 7 

1.2  Previous  Related  Experience . 10 

1. 3  Research  Approach . 12 

2.0  ANALYTICAL  STUDIES .  .  17 

2.1  Preliminary  Design  Requirements . 17 

2.2  Impeller  Design . 30 

2.3  Diffuser  Design . 103 

2.4  Mechanical  Design . 158 

3.  0  FABRICATION  OF  RESEARCH  COMPONENTS . 211 

3. 1  Impellers . 211 

3.2  Impeller  Test  Sections . 218 

3.3  Diffusers . 225 

3.4  Diffuser  Test  Sections . 233 

vii 


CONTENTS  (Continued) 


Page 

4. 0  INSTRUMENTATION . 241 

4. 1  Pressure-Measurement  Instrumentation . 241 

4.2  Temperature-Measurement  Probes . 254 

4. 3  Impeller-Stress  Measurement . 254 

4. 4  Rotor-Thrust  Measurement  , . 262 

4.5  Oth er  Special  Instrumentation . 266 

5. 0  TEST  EQUIPMENT  AND  PROCEDURES . 273 

5.1  Impeller  Test  Rig . 273 

5.2  Diffuser  Test  Rig . 273 

5.3  Support  Equipment . 278 

5.4  Performance  Data  Acquisition . 286 

5.5  Test- Rig  Operating  Procedures . 299 

6.0  TEST  RESULTS . 319 

6.1  Impellers . 319 

6.2  Diffusers . 333 

7.0  EVALUATION  OF  TEST  RESULTS . 541 

7.1  Impeller  Tests . 541 

7.2  Diffuser  Tests . 603 

REFERENCES . 675 

APPENDIXES  I  through  XU.  Presented  in  Volume  II. 

DISTRIBUTION . 679 

vlii 


OJ)  ILLUSTRATIONS 


Figure  Page 

SECTION  1.0 

1  Effect  of  Compressor  Performance  on  Simple- 

Cycle  Engine .  8 

2  Effect  of  Compressor  Performance  on  Regenerative 

Engine  . .  9 

3  Effect  of  Cycle  Temperature  and  Pressure  on  Part- 

Load  SFC .  11 

4  Single-Stage  Centrifugal  Compressor .  13 

5  Single-Stage  Centrifugal  Compressor  With  Redesigned 

Impeller .  14 

SECTION  2.0 

6  Typical  Single-Stage  Centrifugal  Compressor  ...  18 

7  Comparison  of  Inducer  Recovery  With  Transonic 

Axial  Rotor  Recovery .  20 

8  Comparison  of  Pressure  Profile  for  Two  Impellers  .  .  22 

9  Impellers  With  Equal  Blade  Spacing  at  Inducer  Hub  .  23 

10  Mixed-Flow  Impeller  (Meridional  View) .  25 

11  Diffuser  Flow  With  Supersonic  Inlet  Velocity  ...  27 

12  Single-Stage  Centrifugal  Compressor  (Variable-Flow- 
Capacity  Demonstration;  Reduced  Diffuser  Flow  Areas 

With  Inlet  Guide  Vane  Adjustments) .  29 

13  Euler  Work  Relation .  32 

14  Inducer-Inlet  Velocity  Diagram .  34 

15  Inducer  Geometry .  34 

ix 


ILLUSTRATIONS  ^Continued! 


Figure 

Page 

16 

Impeller  Parameters  (Overall  P/P  =  10:1,  n  -  80 

Percent,  M^O.50) . 

37 

17 

Comparison  of  Extrapolated  Performance  for  Mixed- 
and  Radial- Flow  Impellers . 

39 

18 

Comparison  of  Inducer  Leading- Edge  Blade  Shapes  . 

43 

18 

Inlet  Velocity  Diagrams  for  MF-1  Impeller  Design 

46 

20 

Diffusion  Factor  for  MF-1  Impeller . 

47 

21 

Exit  Velocity  Diagrams  for  MF-1  Impeller  .... 

48 

22 

Meridional  View  of  MF-1  Impeller . 

49 

23 

Impeller  Design  Parameters  for  MF-1;  Design  Speed, 

57, 000  rpm . 

50 

24 

Static-Pressure  Distribution  Across  Passage,  MF-1 
Impeller;  Design  Speed,  57, 000  rpm . 

51 

\25 

\ 

\ 

Predicted  Static-Pressure  Rise  Along  MF-1  Impeller 
Shroud  .Design  Speed,  57,000  rpm . 

52 

26 

Blade-Surface  Velocities  of  MF-1  Impeller;  Design 

Speed,  57, 000  rpm . 

53 

27 

Exit  Flow  Conditions  for  MF-1  Impeller;  Design 

Speed,  57, 000  rpm . 

54 

28 

Predicted  Static- Pressure  Rise  Along  MF-1  Impeller 
Shroud,  Part  Speed . 

55 

29 

Blade-Surface  Velocities  of  MF-1  Impeller;  90-Percent 
Design  Speed,  51, 300  rpm . 

56 

30 

Blade-Surface  Velocities  of  MF-1  Impeller;  80 -Percent 
Design  Speed,  45, 600  rpm . 

57 

31 

Blade-Surface  Velocities  of  MF-1  Impeller;  60-Percent 
Design  Speed,  34,200  rpm . 

58 

x 


ILLUSTRATIONS  (Continued) 


Figure  Page 

32  Inlet  Velocity  Diagrams  for  MF-2  Impeller  Design  .  .  59 

33  Diffusion  Factor  for  MF-2  Impeller .  60 

34  Exit  Velocity  Diagrams  for  MF-2  Impeller  ....  61 

35  Meridional  View  of  MF-2  Impeller .  62 

36  Impeller  Design  Parameters  for  MF-2;  Design  Speed, 

73,000  rpm .  63 

37  Static- Pres  sure  Distribution  Across  Passage,  MF-2 

Impeller;  Design  Speed,  73,000  rpm .  64 

38  Predicted  Static- Pressure  Rise  Alonf,  MF-2  Impeller 

Shroud;  Design  Speed,  73, 000  rpm .  65 

39  Blade-Surface  Velocities  of  MF-2  ImpvTler;  Design 

Speed,  73, 000  rpm .  66 

40  Exit  Flow  Conditions  for  MF-2  Impeller-;  Design  Speed, 

73, 000  rpm .  67 

41  Predicted  Static- Pres  sure  Rise  Along  MF-2  Impeller 

Shroud,  Part  Speed .  68 

42  Blade-Surface  Velocities  of  MF-2  Impeller;  90-Percent 

Design  Speed,  65,700  rpm .  69 

43  Blade-Surface  Velocities  of  MF-2  Impeller;  80-Percent 

Design  Speed,  58,400  rpm .  70 

44  Blade-Surface  Velocities  of  MF-2  Impeller;  60-Percent 

Design  Speed,  43,  800  rpm .  71 

45  Inlet  Velocity  Diagrams  for  MF-3  Impeller  Design  .  .  72 

46  Diffusion  Factor  for  MF-3  Impeller .  73 

47  Exit  Velocity  Diagrams  for  MF-3  Impeller  .  .  74 

xi 


ILLUSTRATIONS  (Continued) 


Figure  Page 

48  Meridional  View  of  MF-3  Impeller .  75 

49  Impeller  Design  Parameters  for  MF-3;  Design  Speed, 

65,000  rpm . <  76 

50  Static- Pressure  Distribution  Across  Passage, MF-3 

Impeller;  Design  Speed,  65, 000  rpm .  77 

51  Predicted  Static- Pressure  Rise  Along  MF-3  Impeller 

Shroud;  Design  Speed,  65, 000  rpm .  78 

52  Blade-Surface  Velocities  of  MF-3  Impeller;  Design 

Speed,  65,000  rpm .  79 

53  Exit  Flow  Conditions  for  MF-3  Impeller;  Design 

Speed,  65, 000  rpm .  80 

54  Predicted  Static- Pressure  Rise  Along  MF-3  Impeller 

Shroud,  Part  Speed .  81 

55  Blade-Surface  Velocities  of  MF-3  Impeller;  90-Percent 

Design  Speed,  58, 500  rpm .  82 

56  Blade-Surface  Velocities  of  MF-3  Impeller;  80-Percent 

Design  Speed,  52, 000  rpm .  83 

57  Blade-Surface  Velocities  of  MF-3  Impeller;  60-Percent 

Design  Speed,  39, 000  rpm .  84 

58  Inlet  Vector  Diagrams  for  RF-1  Impeller  Design  ...  85 

59  Diffusion  Factor  for  RF-1  Impeller .  86 

60  Exit  Velocity  Diagrams  for  RF-1  Impeller  ....  87 

61  Meridional  View  of  FF-1  Impeller .  88 

62  Impeller  Design  Parameters  for  RF-1;  Design  Speed, 

57, 000  rpm .  89 

63  Static-Pressure  Distribution  Across  Passage, RF-1 

Impeller;  Design  Speed,  57,000  rpm .  90 

xii 


t* 


* 


ILLUSTRATIONS  (Continued) 


Figure  Page 

64  Predicted  Static-Pressure  Rise  Along  RF-1  Impellei 

Shroud;  Design  Speed,  57,000  rpm .  91 

65  Blade-Surface  Velocities  of  RF-1  Impeller;  Design 

Speed,  57,000  rpm .  92 

66  Exit  Flow  Conditions  for  RF-1  Impeller;  Design 

Speed,  57, 000  rpm .  93 

67  Predicted  Static- Pressure  Rise  Along  RF-1  Impeller 

Shroud,  Part  Speed .  94 

68  Blade-Surface  Velocities  of  RF-1  Impeller;  90- Percent 

Design  Speed,  51, 300  rpm .  95 

69  Blade-Surface  Velocities  of  RF-1  Impeller;  80-Percent 

Design  Speed,  45,600  rpm .  96 

70  Blade-Surface  Velocities  of  RF-1  Impeller;  60-Percent 

Design  Speed,  34, 200  rpm .  97 

71  MF-1  Impeller .  98 

72  MF-2  Impeller .  99 

73  i,iF-3  Impeller .  100 

74  RF-1  Impeller .  101 

75  Comparison  of  Research  Impellers .  102 

76  Contractor's  Other  Channel  Diffusers  ....  103 

77  Required  Diffuser  Recovery  (Impeller  Tip  to 

Collector) .  105 

78  Diffuser  Channel  Total- Pressure  Recovery  Versus 

Area  Ratio .  107 

79  Circular  V'ater  Table .  108 

xiii 


ILLUSTRATIONS  /Continued! 


Figure 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 


Water-Table  Facility . 

Dye- Injection  Apparatus . 

Yaw  Probe  Traversing- Arm  Installation 

Water-Table  Data  on  118  Vane-Island  Configuration  . 

Water-Table  Data  on  218  Vane-Island  Configuration  . 

W'ater- Table  Data  on  2116  Vane-Island  Configuration  . 

Water-Table  Data  on  2124  Vane-Island  Configuration  . 

Water-Table  Data  on  5C24  Cascade  Configuration 

90-Vane  Cascade . 

Water-TaWe  Shadowgraph,  Single-Stage  Cascade. 

Water-Table  Ink  Trace,  Two-Stage  Cascade . 

Water-Table  Ink  Trace,  Three-Stage  Cascade 

Water-Table  Shadowgraph,  Three-Stage  Cascade  . 

Cascade  Diffuser . 

Vectors  at  Entrance  to  Vaneless  Space  .... 

Variation  in  Total- Pres  sure  Recovery,  Inlet  Flow  Angle, 
and  Diameter  Ratio  for  Vaneless  Space  .... 

Estimated  Pressure  Recovery  Through  a  Two-Stage 
Cascade  Diffuser . 

Breakdown  of  the  Pressure  Recovery  Through  a  Two- 
Stage  Vane-Island- Type  Diffused . 

Alignment  of  Vane  Leading  Edge . 


Page 

109 

110 
111 
115 
117 
119 
121 
129 
131 

133 

134 

135 

136 

137 

139 

140 

143 

144 

145 


xiv 


ILLUSTRATIONS  {Continued! 


Figure 

Page 

99 

Vane-Island  Diffuser  Layout . 

147 

100 

DI-1  Diffuser  Vane  (1 . 06  Radius  Ratio,  Design  Throat 
Area) . 

• 

150 

101 

DI-2  Diffuser  Vane  (1.06  Radius  Ratio,  Design  Throat 
Area) . 

• 

151 

102 

DI-3  Diffuser  Vane  (1.06  Radius  Ratio,  Design  Throat 
Area) . 

• 

153 

103 

DC-1  Diffuser  (1.10  Radius  Ratio,  Design  Throat 

Area) . . 

• 

154 

104 

Workhorse  Impeller  Vector  Diagrams  .... 

• 

157 

105 

Meridional  View  of  Workhorse  Impeller  .... 

• 

158 

106 

Diffuser  Test  Rig . 

• 

159 

107 

Aerodynamic  Design  Information . 

• 

161 

108 

Aerodynamic  Design  Information . 

• 

162 

109 

Aerodynamic  Design  Information . 

• 

163 

110 

Aerodynamic  Design  Information . 

• 

164 

111 

Strength-to-Weight  Ratio  Versus  Temperature  . 

• 

166 

112 

Modulus  of  Elasticity  and  Coefficient  of  Thermal 
Expansion  Versus  Temperature . 

• 

167 

113 

Estimated  Temperature  Distribution  .... 

• 

169 

114 

Physical  Properties  of  6A1-4V  Titanium  Versus 
Temperature . 

• 

170 

115 

Stress  Versus  Temperature  for  6A1-4V  Titanium 

• 

171 

116 

Stress  Versus  Temperature  for  6A1-4V  Titanium 

. 

172 

xv 


ILLUSTRATIONS  (Continued) 


Figure 

117 

Stress  Versus  Temperature  for  6A1-4V  Titanium 

• 

Page 

173 

118 

Goodman  Diagrams . 

• 

174 

119 

Sample  Campbell  Diagram  (MF-1)  .... 

175 

120 

Disk  Sections  for  Stress  Analysis  .... 

• 

177 

121 

Hub  Extension . 

• 

178 

122 

MF-1  Test  Section . 

• 

179 

123 

Impeller  Test  Rig . 

• 

181 

124 

Impeller  Shaft  Arrangements . 

• 

182 

125 

Critical  Speed  Versus  Bearing  Stiffness  . 

• 

183 

126 

Critical  Speed  Versus  Bearing  Stiffness  . 

• 

184 

127 

Rotor  Stations  Used  in  Predicting  Critical  Speeds 

• 

186 

128 

MF-2  Critical  Speed  Versus  Bearing  Stiffness 

• 

188 

129 

Effects  of  Viscous  Damping . 

• 

190 

130 

Frictionless  Coupling . 

• 

191 

131 

MF-1  Labyrinth  Seal . 

• 

192 

132 

Thrust  Balance  Disk . 

• 

193 

133 

Impeller  Rotor  System . 

* 

195 

134 

Aerodynamic  Design  Information  .... 

• 

196 

135 

Diffuser  Vane-Islands . 

• 

197 

136 

Cascad?  Diffuser  Vane . 

• 

197 

xvi 


Figure  Page 

137  Impeller  Vibratory  Stress  Test .  199 

138  Diffuser  Rig .  201 

139  Diffuser-Rig  Test  Section .  202 

140  Inlet  Guide  Vane  Assembly.  .......  203 

141  Schlieren  Window  Installation .  204 

142  Bearing  Stiffness  Versus  Rotor  Speed .  206 

143  Shaft  Mode  Shapes .  207 

144  Diffuser-Rig  Rotor  System .  209 


SECTION  3.0 

145  Impellers .  212 

146  Workhorse  Impeller .  213 

147  Example  of  Impeller  Cavity  Model .  214 

148  Tape-Controlled  Drafting  Machine .  216 

149  Impeller  Optical  Template  (MF-1) .  217 

150  RF-1  Front  Coverpltte .  219 

151  MF-1  Front  Coverplate .  220 

152  MF-2  Front  Coverplate .  221 

153  MF-3  Front  Coverplate .  222 

154  RF-1  Backplate .  224 

155  Backplate  Cone  . .  225 

xvii 


ILLUSTRATIONS  (Continued) 


Figure 

156 

157 

158 

159 

160 
161 
162 

163 

164 

165 

166 
167 


168 

169 

170 

171 

172 

173 

174 


Page 


MF-1  Backplate .  226 

MF-2  Backplate .  227 

MF-3  Backplate .  228 

Collector,  Section  View . 229 

MF-1  Inlet  Assembly .  230 

Vane-Islands .  231 

Vane-Island  Inspection  Chart .  232 

Diffuser-Rig  Front  Coverplate . .  .  234 

Coverplate  and  Inlet .  235 

Backplate  With  Vane-Islands  and  Collector  ....  236 

Inlet  Guide  Vane  Construction .  238 

Inlet  Guide  Vane  Components .  239 


SECTION  4. 0 

Pressure  and  Temperature  Probes .  242 

Total- Pressure  Rake .  243 

Yaw  Pressure  Probe .  244 

Pres  sure- Probe  Sensitivity  Calibration  Facility  .  .  .  245 

Three- Probe  Rake  Calibration .  246 

Diffuser-Rig  Backplate  .  • .  247 

Traversing  Probe  Path  .  .  248 


% 


t 


xviii 


ILLUSTRATIONS  (Continue# 


Figure  Page 

175  Traversing  Total- Pressure  Probe  Detail  ....  249 

176  Working  Model  of  Traversing  Total- Pressure  Probe  .  .  250 

177  Close-up  of  Traversing  Total-Pressure  Probe  (Working 

Model) . .  251 

178  Water-Cooled  Transducer .  252 

179  Digital  Data  System .  253 

180  Slotted- Shi  eld  Total-Temperature  Probe  ....  254 

181  Strain-Gage  Installation  (Test  Specimen)  ....  256 

182  Slip-Ring  Connector  (Side  View) .  258 

183  Slip-Ring  Connector  (Front  View) .  259 

184  Slip-Ring  Installation,  Impeller-Stress  Test  .  .  .  260 

185  Impeller-Stress  Data-Recording  Setup .  261 

186  Rotor-Thrust-Measurement  Instrumentation ....  263 

187  Thrust- Bearing- Cage  Instrumentation .  264 

188  Radial- Bearing-Cage  Accelerometer  and  Thermo¬ 
couple  .  265 

189  Shaft  Displacement  Measurement  (Block  Diagram)  .  .  267 

190  Bearing-Cage  Accelerometer  Installation  ....  269 

191  Rub-Sensor  Fabrication .  270 

192  Rub- Sensor  Assembly .  271 

xix 


ILLUSTRATIONS  (Continued) 

Figure  Page 

SECTION  5.0 


193 

Diffuser-Rig  and  Impeller-Rig  Cell  Installation  . 

• 

274 

194 

Plan  View  of  Test-Cell  Area 

• 

275 

195 

Impeller  Test  Rig . 

• 

• 

• 

276 

196 

Diffuser  Test  Rig . 

• 

• 

• 

277 

197 

Workhorse  Impeller . 

• 

• 

• 

279 

198 

Diffuser-Rig  Turbodrive  Unit  . 

• 

• 

280 

199 

Positive  -Displacement  Air  Compressor  . 

•  « 

• 

281 

200 

Centrifugal  Air  Compressor 

• 

• 

282 

201 

Centrifugal  Air  Compressor  Performance  Curve . 

4 

283 

202 

Dynamic  Balancing  Machine 

• 

• 

284 

203 

Dynamic  Balancing  Machine 

•  • 

• 

4 

285 

204 

Test-Cell  Control  Console 

•  • 

• 

• 

287 

205 

Pres  sure- Hookup  Identification  Sheet 

•  • 

• 

• 

289 

206 

Dummy  Impellers . 

• 

• 

• 

292 

207 

Yaw  Probe  Zero- Angle  Calibration  . 

•  • 

• 

• 

293 

208 

Sample  Data  Sheet  for  Temperatures 

•  • 

• 

• 

295 

209 

Compressor  Inlet  Plenum  Chamber . 

*  • 

• 

297 

210 

Compressor  Airflow  Manometer 

•  * 

• 

• 

298 

211 

Test  Cell  Pressure  Manifold  . 

•  • 

• 

• 

300 

212 

Sample  Data  Sheet  for  Pressures  . 

• 

301 

l 


* 


M 


XX 


ILLUSTRATIONS  (Continued) 


* 


Figure  Page 

213  Sample  Data  Sheet  for  Pressures .  303 

214  Multichannel  Pressure  Gages  and  Manometer 

Banks .  305 

215  Impeller-Rig  Lubrication  Cart .  308 

216  Impeller-Rig  Turbodrive  Unit  Thrust-Disk  Pressure  .  .  309 

217  Modal  Balance  Plot .  310 

218  Impeller-Shroud  and  Diffuser- Pas  sage  Width 

Reductions  (RF- 1) .  311 

219  Impeller- Shroud  and  Diffuser- Passage  Width 

Reductions  (MF-1) .  312 

220  Diffuser-Rig  Inlet  Oil  Pressure  Versus  Roior  Speed  .  .  315 

221  Impeller  Stress-Test  Setup .  316 


SECTION  6.0 

222  Pressure  Transducer  Trace .  327 

223  Transducer  Pressure  Readings .  350 

224  Pressure-Fluctuation  Frequencies  ......  351 

225  Pressure  Ratio  Versus  Airflow,  MF-1 ,  Vaneless  Diffuser .  352 

226  Collector  Temperature  Versus  Airflow,  MF-1, 

Vaneless  Diffuser .  353 

227  Impeller-Exit  Temperature,  MF-1,  Vaneless 

Diffuser .  354 

228  Impeller-Exit  Total  Pressure,  MF-1,  Vaneless 

Diffuser .  355 


1 


XXI 


ILLUSTRATIONS  (Continued) 


Figure  Page 

229  Impeller-Exit  Total  Pressure,  MF-1,  Vaneless 

Diffuser  . .  357 

230  Impeller- Exit  Total  Pressure,  MF-1,  Vaneless 

Diffuser .  359 

• 

231  Inlet  Duct  Static  Pressure,  MF-1,  Vaneless 

Diffuser .  361 

232  Shroud  Static- Pressure  Rise,  MF-1,  Vaneless  % 

Diffuser .  363 

233  Circumferential  Variation  of  Impeller-Exit  Static 

Pressure,  MF-1,  Vaneless  Diffuser .  365 

234  Circumferential  Variation  of  Impeller-Exit  Static 

Pressure,  MF-1,  Vaneless  Diffuser  ....'.  367 

235  Impeller-Tip  Absolute  Mach  Number  Survey,  MF-1, 

Vaneless  Diffuser .  369 

236  Impeller-Exit  Absolute  Flow  Angle,  MF-1,  Vaneless 

,  Diffuser .  371 

237  RMS  Inlet  Vector  Diagrams ,  MF-1,  Vaneless 

Diffuser .  373 

238  RMS  Inlet  Vector  Diagrams,  MF-1,  Vaneless  ^ 

Diffuser .  375 


239  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio, 

MF-1,  Vaneless  Diffuser .  377 

240  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio, 


MF-A,  Vaneless  Diffuser .  379 

241  Radial  Variation  of  Inducer  Incidence,  MF-1, 

Vaneless  Diffuser.  .  .  * .  381 

242  Radial  Variation  of  Inducer  incidence,  MF-1, 

Vaneless  Diffuser . .  .  383 

xxii 


Figure  Page 

243  Slip  Factor  Versus  Passage  Width,  MF-1,  Vaneless 

Diffuser .  385 

244  Slip  Factor  Versus  Passage  Width,  MF-1,  Vaneless 

Diffuser .  386 

245  Slip  Factor  Versus  Airflow,  MF-1,  Vaneless 

Diffuser .  387 

246  Temperature-Rise  Factor  Versus  Passage  Width, 

MF-1,  Vaneless  Diffuser .  389 

247  Temperature-Rise  Factor  Versus  Airflow,  MF-1, 

Vaneless  Diffuser .  391 

248  Inlet  Blockage  Factor  Versus  Airflow,  MF-1, 

Vaneless  Diffuser .  392 

249  Pressure  Ratio  Versus  Airflow,  RF-1 .  393 

250  Pressure  Ratio  Versus  Airflow,  RF-1 .  394 

251  Compressor  Temperature  Rise  Versus  Airflow,  RF-1  .  395 

252  Impeller- Exit  Total-Temperature  Survey,  RF-1  .  .  .  397 

253  Impeller-Exit  Total-Temperature  Survey,  RF-1  .  .  .  399 

254  Inlet  Duct  Static  Pressures,  RF-1 .  401 

255  Inlet  Duct  Static  Pressures,  RF-1 .  403 

256  Static- Pressure  Rise  Along  Shroud,  RF-1  ....  405 

257  Impeller-Exit  Static  Pressure  Versus  Circumferential 

Distance,  RF-1 .  407 

258  Impeller-Exit  Static  Pressure  Versus  Circumferential 

Distance,  RF-1 .  409 


xxiii 


ILLUSTRATIONS  (Continued) 


’igure 

Page 

259 

Impeller-Exit  Static  Pressure  Versus  Circumferential 
Spacing,  RF-1 . 

411 

260 

Impeller- Exit  Total  Pressure,  RF-1  . 

413 

261 

Impeller-Exit  Mach  Number  Versus  Passage  Width, 

RF-1 . 

415 

or 

262 

Impeller-Exit  Flow-Angle  Survey,  RF-1  . 

417 

263 

Impeller- Exit  Flow- Angle  Survey,  RF-1  . 

419 

1 

264 

RMS  Inlet  Vector  Diagrams,  RF-1 . 

421 

265 

RMS  Inlet  Vector  Diagrams,  RF-1 . 

423 

266 

RMS  Inlet  Vector  Diagrams,  RF-1 . 

425 

267 

Mean  Vector  Diagrams  at  1.02  Diameter  Ratio,  RF-1 

427 

268 

Mean  Vector  Diagrams  at  1.02  Diameter  Ratio,  RF-1 

429 

269 

Radial  Variation  of  Inducer  Incidence,  RF-1 . 

431 

270 

Radial  Variation  of  Inducer  Incidence,  RF-1 . 

433 

271 

Variation  of  Slip  Factor  Across  Impeller  Tip,  RF-1  . 

435 

272 

Temperature-Rise  Factor  Across  Impeller  Tip,  RF-1 

437 

• 

273 

Inlet,  Blockage  Factor,  RF-1 . 

439 

274 

Pressure  Ratio  Versus  Airflow,  Workhorse  . 

440 

•t 

275 

Temperature  Rise  Versus  Airflow,  Workhorse  . 

441 

276 

Impeller-Exit  Total  Ter  perature.  Workhorse 

442 

277 

Impeller-Exit  Total  Temperature,  Workhorse 

443 

xxiv 


ILLUSTRATIONS  (Continued) 


Figure 

278 

Impeller-Exit  Total  Pressure,  Workhorse  . 

. 

• 

Page 

445 

279 

Impeller- Exit  Total  Pressure,  Workhorse  . 

• 

• 

447 

280 

Exit  Mach  Number  Survey,  Workhorse  . 

• 

• 

449 

281 

Static- Pres  sure  Lise  Along  Shroud,  Workhorse 

• 

• 

451 

282 

Static- Pressure  Rise  Along  Shroud,  Workhorse 

• 

452 

283 

Static- Pres  sure  Rise  Along  Shroud,  Workhorse 

• 

• 

453 

284 

Static- Pres  sure  Rise  Along  Shroud,  Workhorse 

• 

< 

454 

285 

Static-Pressure  Rise  Along  Shroud,  Workhorse 

• 

• 

455 

286 

Static- Pressure  Rise  Along  Shroud,  Workhorse 

• 

• 

456 

287 

Static- Pressure  Rise  Along  Shroud,  Workhorse 

• 

• 

457 

288 

Static-Pressure  Rise  Along  Shroud,  Workhorse 

• 

458 

289 

Static- Pres  sure  Rise  Along  Shroud,  Workhorse 

• 

459 

290 

Static -Pres sure  Rise  Along  Shroud,  Workhorse 

• 

460 

291 

Inlet  Blockage  Factor,  Workhorse  . 

• 

• 

461 

292 

Impeller- Exit  Flow  Angles,  Workhorse. 

• 

• 

462 

293 

Impeller- Exit  Flow  Angles,  Workhorse  . 

• 

• 

463 

294 

Impeller- Exit  Flow  Angles,  Workhorse  . 

• 

• 

464 

295 

Impeller- Exit  Flow  Angles,  Workhorse  . 

• 

• 

465 

296 

Impeller- Exit  Flow  Angles,  Workhorse  . 

• 

• 

466 

297 

RMS  Inlet  Vector  Diagrams,  Workhorse 

• 

• 

467 

298 

RMS  Inlet  Vector  Diagrams,  Workhorse 

• 

# 

469 

XXV 


4 


ILLUSTRATIONS  (Continued! 

Figure  Page 

299  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio, 

Workhorse .  471 

300  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio, 

Workhorse .  473 

301  Inducer  Incidence,  Workhorse .  475 

302  Average  Temperature- Rise  Factor,  Workhorse  ...  477 

303  Temperature-Rise  Factor  Across  Impeller  Tip, 

Workhorse .  479 

304  Average  Slip  Factor,  Workhorse .  481 

305  Variation  of  Slip  Factor  Across  Impeller  Tip, 

Workhorse .  483 

306  Diffuser-Rig  Traversing  Total- Pressure  Probe  .  .  .  485 

307  Diffuser- Vane  Modifications .  486 

308  Cascade  Configuration .  487 

309  Modified  Cascade  Vane .  487 

310  Pressure  Ratio  Versus  Airflow,  DI-1 .  489 

311  Pressure  Ratio  Versus  Airflow,  DI-1 .  4& 

312  Pressure  Ratio  Versus  Airflow,  DI-1 .  *93 

313  Pressure  Ratio  Versus  Airflow,  DI-1 .  494 

314  Pressure  Ratio  Versus  Airflow,  DI-1 .  495 

315  Pressure  Ratio  Versus  Airflow,  DI-1 .  496 

316  Pressure  Ratio  Versus  Airflow,-  DI-1 .  497 

317  Pressure  Ratio  Versus  Airflow,  DI-1 .  498 

xx  vi 


ILLUSTRATIONS  (Continued) 


Figure 

Page 

318 

Pressure  Ratio  Versus  Airflow, 

DI-1  . 

• 

499 

319 

Pressure  Ratio  Versus  Airflow, 

DI-1 

• 

500 

320 

Pressure  Ratio  Versus  Airflow. 
1.  06  and  1.10  Radius  Ratio) 

DI-1  (Comparison  at 

501 

321 

Pressure  Ratio  Versus  Airflow, 

DI-1  . 

• 

502 

322 

Pressure  Ratio  Versus  Airflow, 

DI-1-2  . 

• 

503 

323 

Pressure  Ratio  Versus  Airflow, 

DI-1-2  . 

• 

504 

324 

Pressure  Ratio  Versus  Airflow, 
Without  Schlieren  Windows) 

DI-1-2  (With  and 

505 

325 

Pressure  Ratio  Versus  Airflow, 

DI-2  . 

• 

506 

326 

Pressure  Ratio  Versus  Airflow, 

DI-2  . 

• 

507 

32? 

Pressure  Ratio  Versus  Airflow, 

DI-2  . 

• 

508 

328 

Pressure  Ratio  Versus  Airflow, 

DI-2  . 

• 

509 

329 

Pressure  Ratio  Versus  Airflow, 
1.06  and  1.10  Radius  Ratio) 

DI-2  (Comparison  at 

510 

330 

Pressure  Ratio  Versus  Airflow,  DI-2  (Comparison  at 
125-,  100- ,  and  75- Percent  Throat  Areas)  . 

511 

331 

Pressure  Ratio- Versus  Airflow, 

DI-2  . 

• 

512 

332 

Pressure  Ratio  Versus  Airflow,  DI-2-2  . 

• 

513 

333 

Pressure  Ratio  Versus  Airflow, 
Reruns)  . 

DI-2  (Comparison  of 

514 

334 

Pressure  Ratio  Versus  Airflow, 

DI-3  . 

• 

515 

335 

Pressure  Ratio  Versus  Airflow, 

DI-3  . 

. 

516 

336 

Pressure  Ratio  Versus  Airflow, 

DI-1-3 . 

517 

xxvii 


ILLUSTRATIONS  (Continued) 


Figure 

Page 

337 

Pressure  Ratio  Versus  Airflow,  DI-3 . 

518 

338 

Pressure  Ratio  Versus  Airflow,  DI-3 . 

519 

339 

Pressure  Ratio  Versus  Airflow,  DI-X1 . 

520 

340 

Pressure  Ratio  Versus  Airflow,  DI-X1-2  .... 

521 

341 

Pressure  Ratio  Versus  Airflow,  DI-X1-2  .... 

522 

342 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

523 

343 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

524 

344 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 .  . 

525 

345 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

526 

346 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

527 

347 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

528 

348 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

529 

349 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

530 

350 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1 . 

531 

351 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 

DI-1  . . 

532 

xxviii 


L 


ILLUSTRATIONS  (Continued! 

Figure 

352 

Midchannel  Total  Pressure  Versus  Flow-Path  Length, 
DI-1 . . . 

• 

533 

353 

Midchannel  Total  Pressure  Versus  Flow- Path  Length, 
DI-1 . 

• 

534 

354 

Midchannel  Total  Prw  ssure  Versus  Flow- Path  Length, 
DI-1 . 

• 

535 

355 

Pressure  Ratio  Versus  Airflow,  DC-1  Cascade  . 

• 

536 

356 

Pressure  Ratio  Versus  Airflow,  DI-1  .... 

• 

537 

357 

Impeller- Exit  Total  Pressure,  DI-1  and  DC-1 

- 

538 

358 

Impeller-Exit  Total  Pressure,  DI-1  and  DC-1 

• 

539 

359 

Impeller- Exit  Total  Pressure,  DI-1  and  DC-1 

• 

540 

SECTION  7.0 

360 

Temperature-Rise  Factor  and  Slip  Factor,  Workhorse 

• 

545 

361 

Temperature-Rise  Factor  and  Slip  Factor,  Workhorse 

• 

547 

362 

Static- Pres  sure  Amplitude,  RF-1 . 

• 

552 

363 

Design  Diffusion  Factors,  Workhorse  and  RF-1 

Inducers  . 

• 

559 

364 

Blade-Surface  Velocities,  Workhorse  .... 

• 

560 

365 

Blade-Surface  Velocities,  RF-1 . 

• 

561 

366 

Blockage- Flow  and  Area  Calculation,  Constant  Blade 
Thickness . 

• 

563 

367 

Blockage- Flow  and  Area  Calculation,  Circular-Arc 
Blade  . 

• 

564 

xxix 


ILLUSTRATIONS  .'Continued! 


Figure 

368 

Schematic  of  Impeller  Flow 

. 

• 

Page 

5G6 

369 

Impeller- Exit  Mixing  Loss 

• 

• 

571 

370 

Impeller- Exit  Mixing  Loss 

• 

• 

572 

371 

Impeller-E7.it  Mixing  Loss 

c 

• 

573 

372 

Impeller- Exit  Mixing  Loss 

• 

• 

574 

373 

Jet-Wake  Relative-Velocity  Profile 

• 

• 

577 

374 

Overvelocity  Coefficients  .... 

• 

• 

579 

375 

Trailing- Edge  Pressure  Divergence 

• 

584 

376 

Critical  Mach  Number  Versus  Nose  Geometry 

• 

585 

377 

Airfoil  Separation  Regimes 

• 

• 

587 

378 

Flow-Attachment  Boundary 

• 

• 

587 

379 

Boundaries  for  Onset  of  Separation  . 

• 

* 

589 

380 

Boundaries  of  Separation  Effects 

• 

• 

590 

381 

Suction-Surface  Slope  Distribution  . 

• 

• 

591 

382 

Suction- Surface  Slope  Distribution  . 

• 

• 

591 

383 

Suction- Surface  Slope  Distribution  . 

• 

• 

592 

384 

Pearcey  Parameter,  k . 

• 

• 

592 

385 

Incidence  Versus  Mach  Number,  RF-1  and  Workhorse 

594 

386 

Incidence  Versus  Approach  Mach  Number 

• 

<• 

• 

594 

387 

Separation  Effects . 

# 

# 

# 

595 

XXX 


ILLUSTRATIONS  (Continued) 


Figure  Page 

388  Inducer  Leading-Edge  Blade  Sections,  RF-1 ....  596 

389  Inducer  Leading-Edge  Blade  Sections,  Workhorse  .  .  598 

390  •  Suction-Surface  Slope  Distribution,  RF-1  and  Workhorse  .  599 

391  Relative-Velocity  Distributions .  602 

392  Equilibrium  —  Boundary-Layer  Notation  ....  603 

393  Pressure-Ratio  Comparison,  DI-1 .  605 

394  Characteristic  Shape  of  Pressure  Ratio  Versus  Airflow 

for  Impeller  and  Diffuser .  606 

395  Compressor  Characteristic  Showing  Impeller  and 

Diffuser  Airflow  Limit .  606 

\ 

396  Two-Dimensional  Diffuser  Channel  Performance .  .  .  607 

397  Compressor  Characteristic  Curve .  608 

398  Vane-Island  Diffuser .  609 

399  Length  of  Impeller  Mixing  in  Vaneless  Space  .  .  .  611 

400  Total  Pressure  Measured  Along  Streamline  With 

Channel  Movable  Probe .  612 

401  Carbon- Black  Traces  (Shows  Bleeding  of  Suction 

Surface) .  613 

402  Static- Pressure  Field,  DI-1 .  615 

403  Streamlines  Through  Vaneless  and  Semivaneless  Spaoe  .  617 

404  Static -Pressure  Field,  DI-2 .  619 

/ 

405  Flow  Patterns  Through  a  Vane- Island  Diffuser  ...  625 

406  Conical  Diffuser  Performance .  628 


ILLUSTRATIONS  (Continued) 


Figure  Page 

407  Static-Pressure  Field,  DI-2 .  629 

408  Incidence  on  Diffuser  Vane .  631 

409  Static- Pres  sure  Field,  DI-2 .  632 

410  Comparison  of  Pressure  Recovery  for  Compressor 

Channel  With  Two-Dimensional  Diffuser  Data  .  .  .  636 

411  Difference  in  Vane  Geometry  Between  DI-1  and  DI-2  .  637 

412  W/W*  on  Characteristic  Speed  Line .  639 

413  Length  of  Shock  Versus  Mach  Number  Preceding  Shock 

(1. 000-in, -Diameter  Tube) .  639 

414  Characteristic  C  Versus  M  for  Fixed- Geometry 

Diffusers  .  ^ .  643 

415  Flow-Regime  Map  . .  644 

416  Diffuser  Geometric  Parameters .  646 

417  Pressure-Ratio  Comparison,  DI-2  and  DI-X1-3  .  .  .  650 

418  Static -Pres sure  Field,  DI-X1-3 .  653 

419  Comparison  of  Three  Diffusers  Showing  Match  to 

Impeller .  655 

420  Modification  of  DI-1  to  DI-1-2 .  656 

421  Pressure-Ratio  Comparison,  DI-1  and  Dl-2  ....  657 

422  Static- Pres  sure  Field,  DI-1-2 .  659 

423  Pressure  Recovery  of  Two-Dimensional  Diffusers 

With  Turbulent  Inlet  Boundary  Layers .  662 

424  Pres  sure -Ratio  Comparisons,  DI-2,  DI-X1,  and 

DI-X1-2  . .  663 

xxxii 


4 


V 


l 


ILLUSTRATIONS  (Continued! 

Figure  Page 

425  Increase  in  DI-2  Vane  Angle .  664 

426  Pressure- Ratio  Comparison,  DI-1  and  DI-2-2  .  .  .  665 

427  Throat  Blockage  Factor  Versus  Mach  Number 

Ahead  of  Shock .  666 


xxxiii 


(U)  TABLES 


Table  Page 

SECTION  1.0 

I  Performance  Comparisons .  8 

SECTION  2.0 

II  Impeller  Radial-Equilibrium  Computer  Program ....  41 

HI  Impeller  Designs .  44 

IV  Water-Table  Diffuser  Models . 112 

V  Design  Parameters  for  Vane-Island  Diffusers  ....  152 

VI  Diffuser  Variable  Geometry . 155 

VH  Design  Parameters  for  Cascade  Diffuser  DC-1  ....  156 

VIII  Workhorse  Impeller  Design  Parameters . 156 

IX  Minimum  Factors  of  Safety . 168 

X  Impeller  Stress  Analysis  Results . 178 

XI  Critical  Speeds . 187 

SECTION  5.0 

XII  Impeller- Rig  Mechanical  Limitations . 307 

Xin  Diffuser-Rig  Mechanical  Limitations . 313 

SECTION  6.0 

XIV  MF-1  Impeller  Tests  With  Vaneless  Diffuser  ....  320 

XV  Vaneless  Diffuser  Pressure  Transducer  Locations  .  .  .  326 

XVI  RF-1  Impeller  Tests . 328 


xxxiv 


TABLES  (Continued) 


Table  Page 

XVn  Workhorse  Impeller  Tests . 332 

xvm  DI-1  Diffuser  and  Modifications . 335 

XDf  DI-2  Diffuser  and  Modifications  .......  3-iO 

XX  DI-3  Diffuser  and  Modifications . 347 

XXI  DI-1  Cascade  Diffuser . 348 


SECTION  7.0 

XXD  RF-1  Clearance  Tests . 

XXHI  RF-1  Diffuser  Geometry  .  .  ..... 

XXIV  Performance  Comparison  of  RF-1  and  Workhorse  Impellers 

XXV  Inlet  Mach  Number  and  Incidence) Workhorse  and  RF-1 

XXVI  Inducer  k  Calculations . 

XXVn  Static -Pres sure  Rise  Through  Diffuser . 

XXVID  Variable  for  2 -Dimensional  Diffuser  Tests  . 


549 

554 

557 

560 

593 

,622 

647 


XXXV 


(U)  SYMBOLS 


A 

A* 

A/A* 

A  * 
nf 

A 

nm 


B 

b 

C 

C- 


D 

d 

dH 

DC 

DF 

DI 

D/D 


area  (in,  ) 

2 

area  at  station  where  the  Mach  number  is  unity  (in.  ) 
isentropic  area  ratio 

2 

area  normal  to  flow  direction  (in.  ) 

2 

area  in  plane  normal  to  meridional  plane  (in.  ) 
acoustic  velocity  (fps), 
a  =  V  k  gRT 


blockage, 


B=  1  - 


flow 


geometric 

impeller  -  tip  blade  width  (in.)  or  diffuser  passage  depth  (in.) 

total  bearing  clearance  (in. ) 

lift  coefficient 

chord  length  (in.) 

friction  coefficient 

static  pressure  recovery 

diameter  (in.) 

diameter  (in.) 

hydraulic  diameter  (in.) 

diffuser  cascade 

diffusion  factor 

diffuser  island 

diameter  ratio 

xxxvii 


m 

% 

% 


(U)  SYMBOLS  (Continued) 


E 


e 

F 

F, 


td 

Ftt 

Ftw 

f 

g 

H 

H 

CO 

h 

I 

m 

IGV 

J 

K 

K 

n 

K« 


compressor  work 


(*-)• 


E  = 


2  2  2  2  2  2 
U4  ~U1  +V4  “V1  +V2  “V3 
2  gJ 


base  of  Naperian  system  of  logarithms  (2.7182) 

Froude  number 

failure  force  (lb) 

force  component  of  the  disk  (lb) 

force  component  due  to  blade  loading  (lb) 

total  centrifugal  force,  including  blades  (lb) , 

F  =  F  +  F 
tw  td  tt 

friction  factor 

2 

gravitational  constant  (32.17  ft/sec  ) 

total  passage  width  at  survey  station  (in.) 

total  pressure  of  approach  flow  (psia) 

passage  width  (in. )  or  specific  enthalpy  (Btu/lb) 

2 

mass  moment  of  inertia  (lb-in. -sec  ) 
inlet  guide  vane 


mechanical  equivalent  of  heat 


778  ft-lb 
Btu 


spring  rate  (lb/in.),  gage-factor  nominal  value  or  a  constant 

spring  rate  (lb/in. ) 

gage-factor  sensitivity  compensation 


xxxviii 


(U)  SYMBOLS  (Continued) 


k  ratio  of  specific  heats, 

C 

k=  -E- 

K  C 

v 

i  * 

L  flow  path  length  (ft  or  in.)  or  loss  coefficient, 


q 


|  bearing  length  (in. ) 

M  Mach  number 

M  Mach  number  ahead  of  normal  shock 

x 

M  Mach  number  behind  normal  shock 

y 

M  local  Mach  number 

JL 

MF  mixed  flow 

m  meridional  distance  (in. ) 

N  rotational  speed  (rpm) 

N  number  of  diffuser  vanes 

v 

n  clearance  (in. )  or  normal  distance  (in. ) 

P  total  pressure  before  mixing  (psia) 

o 

P  *  total  pressure  after  mixing  (psia) 

o 

P  static  pressure  (psia  or  in.  Hg) 

s 

P  static  pressure  at  throat  exit  (psia  or  in.  Hg) 

se 

Pg£  static  pressure  in  collector  (psia  or  in.  Hg) 

P  total  pressure  (ps:.a  or  in.  Hg) 

l 


XXXIX 


(U)  SYMBOLS  (Continued) 


core  total  pressure  (psia  or  in.  Hg) 

P/P  pressure  ratio 

P  mass- averaged  pressure  (poia  or  in.  Hg) 

q  dynamic  pressure  (psia  or  in.  Hg), 

q  =  l/2  pV2 

R  radius  (in.)  or  gas  constant  for  air 

Re  Reynolds  number 

R  resistance  of  strain  gage  (ohms) 

g 

R  resistance  of  lead  wire  to  strain  gage  (ohms) 

L 

Rg  calibration  shunt  resistor  (ohms) 

RF  radial  flow 

RMS  root  mean  square 

R/R  radius  ratio 

r  radius  (in.) 

S  ......  stress  (psi)  or  entropy  (Btu/°R) 

S  mean  stress  (psi) 

m 

S  endurance  limit  (psi) 

n 

S  yield  stress  for  Rene’  41  (psi) 

r 

S  yield  stress  for  titanium  (psi) 

V 

Sv  vibratory  stress  (psi) 

S  yiald  strength  (psi) 


xl 


(U)  SYMBOLS  (Continued) 


S^  v  failure  stress  corresponding  to  the  temperature 

in  the  center  of  segment  v  (psi) 

SF  slip  factor, 


SFg  safety  factor  based  on  rupture  stress 

SF  safety  factor  based  on  ultimate  stress 
u 

SF^  safety  factor  based  on  yield  stress 

SFC  specific  fuel  consumption 

T  bearing  stiffness  ( 

n  \  in. 

Tg  absolute  static  temperature  (°R) 

T  absolute  total  temperature  (°R) 

l 

TIT  turbine- inlet  temperature  (°  F) 

TRF  temperature-rise  factor, 

TRF  =  Aht/(U42/gJ) 

T  mass- averaged  absolute  temperature  (°R) 

t  blade  thickness  (in.) 

U  impeller  peripheral  velocity  (fps) 

V  velocity  (fps) 

V  local  velocity  (fps) 

L 

tangential  component  of  velocity  (fps) 

W  airflow  (lb/sec) 

a 


xli 


(U)  SYMBOLS  (Continued) 


airflow  (lb/sec)  or  diffuser  height  (in.) 

minimum  airflow  for  which  diffuser  throat  core 

Mach  number  is  unity  (lb/sec) 

integrated  airflow  (lb/sec) 

distance  (in.) 

distance  (in.) 

number  of  impeller  blades  or  axial  distance 
angle  (degrees) 

angle  between  impeller-inlet  absolute  vector 

and  meridional  plane  (degrees) 

angle  between  impeller-inlet  relative  vector  and 

meridional  plane  (degrees) 

angle  between  impeller-exit  relative  vector  and 

meridional  plane  (degrees) 

angle  between  impeller-exit  absolute  vector  and 

meridional  plane  (degrees) 

angular  spacing  of  diffuser  vanes  (degrees), 


cascade-vane  stagger  angle  measured  from  radial  (degrees) 
angle  between  impeller  vane  and  meridional  plane  (degrees) 
or  diffuser-vane  wedge  angle  (degrees) 


(U)  SYMBOLS  (Continued) 


V 


Vr 


n 

6 


6 * 


€ 

V 

e 


K 

A 


v 

P 


ratio  of  specific  heats, 


C 


v 


3 

or  material  density  (lb/in. ) 
density  of  Rene1  41  (lb/in?) 

3 

density  of  titanium  (lb/in. ) 

boundary  layer  thickness  (in.)  or 

measured  ambient  pressure  (in.Hg) 

29.92  in.  Hg 

boundary  layer  displacement  thickness  (in.) 
ratio  of  wake  width  to  blade  pitch  at  impeller  exit 
adiabatic  efficiency  (percent) 

channel-diffuser  angle  (degrees)  or 

measured  ambient  temperature  (°R) 

519.7  °R 


airfoil  nose- shape  parameter 

tangent  of  the  angle  between  the  bulk-mean  absolute  flow 
vector  and  the  meridional  plane  at  the  impeller  exit 
dynamic  viscosity /  ^ 


\  sec- ft  / 

»(— ) 
\  sec  / 


kinematic  viscosity^ 
angular  coordinate  of  logarithmic  spiral  (degrees) 


density  of  air  ^lbm/ft^ 


static  density  of  air  ( 


(lbn/ft3) 


xliii 


(U)  SYMBOLS  (Continued) 


P  total  density  of  air  (lb  /ft3) 

t  m 

o  blade  solidity 

_  chord 
a  ~  pitch 

t  shear  stress  (psi) 

0  blockage  factor 

0  =  1  -  B 

X  airfoil  suction- surface  parameter 

cj  impeller  angular  velocity  (rad/sec) 

Subscripts: 

e  impeller  exit 

h  hub 

i  impeller  inlet 

t  throat,  total  or  tip 

1  impeller- inlet  absolute  vector 

2  impeller- inlet  relative  vector 

3  impeller-exit  relative  vector 

4  impeller-exit  absolute  vector 

co  undisturbed  approach  flow 


xliv 


CONFIDENTIAL 

(C)  SUMMARY  (U) 


(U)  The  research  program  discussed  in  this  report  was  conducted  for  the  U.  S. 
Army  Aviation  Materiel  Laboratories.  The  purpose  of  the  work  was  to  define,  by 
analyses  and  experimental  evaluations,  the  design  criteria  and  performance 
characteristics  of  a  high-pressure-ratio,  single-stage  centrifugal  compressor. 
The  overall-performance  target  was  a  pressure  ratio  of  10:1  at  an  adiabatic 
efficiency  of  80  percent  and  at  an  airflow  rate  of  2  pounds  per  second.  The  re¬ 
search  was  expected  to  lead  to  development  of  advanced  technology,  applicable  to 
small  gas-turbine  engines.  The  potential  advances  identified  were: 

1)  Doubling  of  current  power- to-weight  ratios; 

2)  Reducing  full-  and  part-load  fuel  consumption; 

3)  Minimizing  cost  per  horsepower. 

To  illustrate  the  advances  possible,  two  types  of  thermodynamic  cycles  (simple 
and  regenerative)  were  studied.  It  was  shown  that  a  compressor  meeting  the 
above  targets  would  provide  an  opportunity  for  reducing  specific  fuel  consumption 
to  0.49  pound  per  horsepower  per  hour,  simple  cycle, and  to  0.38  pound  per 
horsepower  per  hour,  regenerated. 

(C)  RESEARCH  COMPONENTS  (U) 

Previous  experience  related  to  centrifugal  compressors  was  used  to  identify  the 
research  objectives.  Studies  of  Boeing  designs  in  the  pressure-ratio  range  of 
3.5:1  to  7:1  formed  the  background  for  this  work.  Specifically,  refinements  were 
necessary  in  blade  shape  and  aerodynamic  loading;  therefore  the  program  was 
directed  toward  the  following: 

1)  Minimizing  the  effect  of  transonic-flow  conditions  at  the  inducer  and  diffuser 
entrance; 

2)  Determining  the  influence  of  inducer  hub- to- tip-diameter  ratio  and  its  effect 
on  impeller  performance; 

3)  Establishing  methods  to  provide  operating  range  at  high  pressure  ratios; 

4)  Establishing  a  flow  model  for  the  impeller  and  diffuser  for  the  purpose  of 
identifying  losses  throughout  the  compressor. 

(C)  Preliminary  design  studies  of  impellers  and  diffusers  led  to  the  selection  of 
the  research  components.  Computer  programs,  developed  through  prior  re¬ 
search,  were  used  to  assess  the  geometric  variables,  and  4  impellers  and  4 
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diffusers  were  chosen  to  cover  the  field  of  interest.  The  impellers  were 
designated  as  MF-1,  MF-2,  MF-3,  and  RF-1  (MF  and  RF  refer  to  mixed-flow 
and  radial-flow  types,  respectively).  Mixed-flow  impellers  warranted  study, 
because  it  was  believed  that  the  reduced  amount  of  radial  turning  (compared  to  a 
radial  type)  had  a  potential  advantage  of  1  to  2  percent  in  efficiency.  Each  im¬ 
peller  was  designed  to  provide  a  total -to- total  pressure  ratio  of  about  13:1  at  a 
tip  speed  of  2000  fps.  Absolute  Mach  number  leaving  the  impeller  was  about  1.3. 
The  ranges  in  size,  speed,  and  aerodynamic  parameters  were  as  follows: 

1)  MF-1  was  designed  for  an  inducer  hub-to-tip-diameter  ratio  of  0.4  with  an 
inducer-tip  relative  Mach  number  of  0.95  at  57,  000  rpm.  The  tip  diameter 
was  about  8.0  inches,  and  18  blades  were  used. 

2)  MF-2  had  an  inlet  hub-to-tip-diameter  ratio  of  0.5  and  an  inducer-tip  rela¬ 
tive  Mach  number  of  1.23.  The  design  speed  was  73,  000  rpm,  and  the 
impeller  had  a  tip  diameter  of  about  6.3  inches  with  20  blades. 

3)  MF-3  was  designed  for  an  inlet  hub  co-tip-diameter  ratio  of  0.5,  with  an 
inducer-tip  relative  Mach  number  of  1. 13.  The  design  speed  was  65, 000 
rpm  (midway  between  MF-1  and  MF-2)  and  the  impeller-tip  diameter  was 
a^out  7. 1  inches  with  20  blades. 

4)  RF-1  was  designed  close  to  MF-1  to  obtain  performance  comparisons  for 
the  two  types  of  impellers.  The  inlet  hub-to-tip-diameter  rati",  however, 
was  0.G,  and  the  inducer-tip  relative  Mach  number  of  1.09.  Speed  and 
overall  diameter  w'ere  57:.  000  rpm  and  about  8.0  inches,  respectively  (same 
as  MF-1).  The  impeller  was  designed  with  22  blades. 

(C)  For  the  diffuser  investigations,  the  configurations  were  designated  as  DI-1, 
DI-2,  DI-3,  and  DC-1.  The  first  3  were  vane- island  types  (channels),  and  the 
fourth  was  a  single-stage  cascade.  The  vane-island  types  were  designed  to 
match  the  impeller  discharge  Mach  number  of  1.3,  but  they  were  designed  with 
a  capability  of  varying  vaneless-space-diameter  ratio  and  throat  Mach  number. 
Water-table  studies  were  conducted  with  diffuser  models  to  develop  an  analogy 
for  preliminary  evaluations  of  performance.  In  addition,  prior  shadowgraph 
studies  at  diffuser- entrance  Mach  numbers  of  over  1.2  were  used  to  provide 
background  for  identifying  shocks  and  for  estimating  their  effect  on  pressure 
recovery.  From  these  studies,  it  was  believed  that  the  primary  research  effort 
should  be  directed  toward  establishing  the  influence  of  design-throat  Mach  number 
and  vaneless-  and  semivaneless-space  flow  patterns  on  shock  strength  and 
location.  Each  vane-island  diffuser  was  designed  to  the  same  channel-divergence 
angle,  10  degrees.  It  was  assumed  that  the  boundary-layer-blockage  factor  in  the 
throat  would  be  0.88.  Other  factors  included  number  of  vanes,  vaneless-space- 
diameter  ratio,  vane-wedge  angle,  channel-area  ratio,  and  throat  length.  Axial 
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width  of  the  passage  was  the  same  for  all  configurations  (0.  25  inch)  and  was 
governed  by  the  geometry  of  the  impeller  (workhorse)  used  in  the  diffuser-test 
rig.  The  significant  parameters  selected  were  as  follows: 

1)  DI-1  was  designed  with  8  vanes  at  a  vaneless-space-diameter  ratio  of  1.06 
and  a  throat  Mach  number  of  0. 90.  The  leading-edge  wedge  angle  was  7 
degrees  and  the  area  ratio  of  the  channel  was  2.76. 

2)  DI-2  was  also  an  8-vaned  diffuser  designed  to  a  vaneless-space-dismeter 
ratio  of  1.06;  however,  the  throat  area  was  sized  for  a  Mach  number  of  0.75, 
The  wedge  angle  was  9  degrees,  and  the  channel-area  ratio  was  2.63. 

3)  DI-3  was  designed  with  16  vanes  at  a  diameter  ratio  of  1.06  and  with  the  same 
throat  Mach  number  and  wedge  angle  as  these  of  DI-2  (0.75  and  9  degrees, 
respectively).  The  area  ratio  was  4.70. 

(C)  The  channel  designs  also  included  a  variable-area  capability  for  investigating 
a  variable-airflow-capacity  concept.  Areas  of  DI-1  and  DI-2  were  varied  by 
pivoting  the  vanes  at  their  leading  edges  to  change  their  angular  orientation  and 
to  match  the  flow  direction.  In  addition,  the  vanes  were  adjustable  to  other  radial 
positions  to  evaluate  the  effect  of  vaneless-space-diameter  ratio. 

(C)  For  the  cascade,  the  vane  design  was  based  on  water-table  studies  and  pre¬ 
viously  established  techniques  used  for  axial-compressor  stators.  It  was  believed 
that  *hin,  flat  plates  would  avoid  high  aerodynamic  loadings  and  would  result  in 
subsonic  flow  behind  the  blade  row.  In  addition,  the  single-stage  investigation 
was  expected  to  provide  information  essential  to  the  design  of  following  blade 
rows.  The  cascade  (DC-1)  had  31  vanes  with  a  chord  length  of  1,20  and  a  solidity 
of  1. 17.  Vane  thickness  was  0.06  inch,  and  the  oassage  width  was  consistent 
with  the  3  vane-islands  (0.25  inch)  to  match  the  workhorse  impeller. 

(C)  The  impeller  used  in  the  diffuser  investigations  was  a  modification  of  a  pre¬ 
vious  high-pressure-ratio  design.  It  was  a  radial-flcw  type,  modified  to  pass 
2.43  pounds  per  second  airflow  at  a  tip  speed  of  2000  fps.  The  tip  diameter  was 
9. 2  inches,  and  23  blades  were  used.  The  inlet  hub-to-tip-diameter  ratio  was 
0.63  with  an  inducer-tip  relative  Mach  number  of  1. 15.  Basic  impeller  test  data 
from  this  configuration  were  also  used  in  the  impeller  investigation. 

(C)  Two  test  rigs  were  provided  for  this  research  —  1  for  the  impellers  and  the 
other  for  the  diffusers.  Each  impeller  test  section  and  diffuser  test  section  was 
adaptable  to  the  respective  rigs. 

(C)  Early  testing  with  these  rigs  was  delayed  by  mechanical  difficulties  encountered 
at  the  high  rotor  speeds  and  dynamic  loads.  Solutions  to  these  problems  led  to  a 
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reevaluation  of  the  test  plan;  2  impellers,  the  MF-2  and  MF-3,  were  deleted 
from  the  program  in  favor  of  enlarging  the  effort  essential  to  the  MF-1, 
RF-1,  and  workhorse  impellers. 

(C )  IMPELLER  TESTS  (U ) 

Each  research  impeller  was  targeted  for  a  total- to- total  pressure  ratio  near  13:1 
to  allow  for  downstream  losses;  however,  both  MF-1  and  RF-1  were  deficient  by 
over  4.0  atmospheres  during  initial  tests.  It  was  determined  that  because  these 
impellers  were  used  with  a  vaneless  diffuser,  a  rotating- stall  phenomenon  oc¬ 
curred,  and  thr.;  rmpeller  discharge  was  forced  into  a  condition  of  nonuniform 
backpressure.  This  stall  caused  the  static  pressure  at  the  impeller  tip  to  fluc¬ 
tuate  at  a  frequency  of  1/5  to  1/7  of  rotor  speed.  Rotating  stall  was  corrected  by 
installing  a  set  of  12  vane-island  diffusers  in  the  RF-1  test  section.  The  resulting 
total-to-total  pressure  ratio  of  RF-1  was  10:1.  Because  performance  still  was 
below  design  predictions,  studies  of  internal  fluid-flow  mechanics  were  initiated. 
From  static  pressure  measurements  along  the  impeller  shroud,  it  was  deter¬ 
mined  that  early  flow  separation  had  occurred  in  MF-1  and  RF-1.  A  similar 
condition  was  found  in  the  workhorse  impeller.  The  studies  showed  that  the 
inducers  operated  at  high  incidence  and  blockage,  which  resulted  in  flow  acceler¬ 
ation  around  the  leading-edge  suction  surface  of  the  blade.  In  combination  with 
the  already  high-transonic  relative  Mach  numbers  at  the  inlet,  these  factors  led 
to  losses  from  which  the  remainder  of  the  impeller  could  not  recover.  In  addi¬ 
tion,  they  contributed  to  large  wakes  at  the  impeller  discharge  and  led  to  high 
exit  mixing  losses. 

(C)  Methods  for  predicting  performance  of  the  impellers  were  reviewed  and  a  flow 
model  was  contrived  to  match  test  results  with  flow  theories.  A  revised  theory 
was  developed  to  account  for  differences  in  flow  behavior  for  several  impellers, 
including  two  from  previous  research  programs.  Application  of  empirical  data 
and  airfoil  theories  showed  that  inducer  leading-edge  shapes  had  a  strong  influ¬ 
ence  on  determining  the  acceleration  around  the  suction  surface  and  that  over¬ 
velocities  (Viocai/Vinjet)  in  excess  of  1.8  would  intensify  the  early  separation  in 
the  inducer.  This  condition  caused  the  flow  to  continue  through  the  impeller  in 
high  Mach  number  jets  (without  diffusion)  and  large  wakes,  which  resulted  in  the 
suspected  high  exit  mixing  loss.  Other  losses  (friction  and  clearance),  by  com¬ 
parison,  were  low  and  within  available  prediction  techniques. 

(C)  Reassessment  of  the  designs  with  this  information  showed  agreement  with  test 
data  to  the  degree  that  a  new  impeller  could  be  designed  that  would  minimize  the 
losses  caused  by  early  separation  and  would  reduce  exit  mixing  losses.  The  new 
design,  a  2-piece  inducer  and  radial  section  incorporating  the  revised  design 
technology,  is  presented  in  USAAVLABS  Technical  Report  67-47  "Design  and 
Development  of  Small,  Single-Stag j  Centrifugal  Compressor  "  (U) 

(Classified  Confidential). 
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(C)  DIFFUSER  TESTS  (U) 

Each  diffuser  element  was  tested  under  the  same  impeller  (workhorse)  discharge 
conditions.  DI-1  showed  good  performance  potential  and  good  range.  DI-2, 
although  showing  poor  airflow  range,  had  the  best  performance  potential.  DI-3 
performance  and  range  were  shown  to  be  between  those  of  DI-1  and  DI-2.  Static- 
pressure  surveys  in  the  vaneless  and  semivaneless  spaces  and  through  the 
channels  were  used  in  conjunction  with  schlieren  photographs  of  the  flow  process 
to  describe  the  flow  behavior  within  each  diffuser.  As  theories  were  developed 
for  a  flow  model  of  the  diffusers,  modifications  and  redesigns  were  tested  to  con¬ 
firm  expected  trends.  Total-pressure  recovery  of  the  channels  was  close  to  the 
predicted  performance;  however,  the  vaneless  and  semivaneless  spaces  did  not 
produce  the  expected  static-pressure  rise. 

(C)  It  was  determined  that  flow  through  the  vaneless  space  did  not  follow  a  con¬ 
ventional  free-vortex  distribution  with  a  large  radial  increase  in  static  pressure. 
Instead,  the  flow  continued  into  the  semivaneless  space  with  only  modest  diffusion 
and  accelerated  ahead  of  the  vane  tips.  Just  before  the  vanes,  a  shock  occurred, 
which  produced  a  subsonic  Mach  number  in  the  channel  throats.  If  the  diffuser 
was  designed  for  a  high-subsonic  Mach  number,  as  with  DI-1  (0.90),  wall  friction 
within  the  parallel- sided  throat  caused  a  buildup  of  boundary  layer  (increased 
blockage)  and  an  acceleration  to  over  Mach  1. 0  in  the  early  portion  of  the  channel- 
divtrging  section.  These  conditions  produced  shocks  in  the  channels  which 
thickened  the  boundary  layer  and  farther  reduced  channel  performance.  Even  with 
the  shock  system,  the  DI-1  channel  met  its  design  prediction;  however,  it  was 
evident  that  further  improvement  was  possible  4i  ?he  shocks  could  be  eliminated. 

(C)  For  a  comparison,  a  design  throat  Mach  number  of  0.75  (as  with  Dl-2)  pro¬ 
duced  the  same  flow  behavior  through  the  vaneless  space.  However,  the  adjust¬ 
ment  and  acceleration  ahead  of  the  throat  in  the  semivaneless  space  were  more 
pronounced  and  produced  a  stronger  shock  to  reach  the  lower  throat  Mach  number. 
At  the  reduced  Mach  number  in  the  throat,  the  boundary-layer  (blockage)  buildup 
and  friction  were  not  sufficient  to  cause  the  attendant  acceleration  to  reach  Mach 
1.0  at  the  diverging-channel  entrance.  With  subsonic  flow  after  the  throat,  more 
conventional  diffusion  occurred  downstream.  To  minimize'  the  effects  of  flow 
acceleration  in  the  parallel-walled  throat,  its  length  was  shortened  so  as  to 
reduce  the  boundary-layer  buildup  and  friction;  the  shock  at  the  diverging-channel 
entrance  was  eliminated  by  this  technique. 

(C)  Each  diffuser  appeared  to  surge  at  the  same  Mach  number  ahead  of  the  tliroat- 
entry  shock.  At  an  entry  shock  of  about  Mach  1.3,  streamlines  changed  direction 
through  the  shock,  which  resulted  in  high  incidence  at  the  vane  leading  edges.  It 
was  shown  that  the  behavior  was  the  same  for  the  16-vane-island  diffuser  (DI-3). 
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(C)  Prior  to  this  contract,  other  tests  showed  that  best  performance  was  achieved 
at  vaneless-space-diameter  ratios  of  about  1.06,  In  addition,  variable-capacity 
tests  showed  that  the  concept  was  feasible  if  inlet  guide  vanes  were  used  to  com¬ 
pensate  for  incidence  changes  at  the  inducer  inlet. 

(C)  The  initial  diffuser  tests  demonstrated  that  good  diffuser  recovery  could  be 
attained  even  at  throat  Mach  numbers  near  1.0.  This  was  in  contrast  to  diffuser 
data  presented  in  the  literature  where  a  sharp  decline  in  performance  is  predicted 
at  channel-entrance  Mach  numbers  above  0. 80.  Therefore,  single-channel 
diffuser  tests  were  conducted  to  obtain  basic  data  The  tests  demonstrated  that 
nearly  constant  channel  performance  could  be  attained  at  throat  Mach  numbers  up 
to  1.0,  The  tests  further  demonstrated  that  the  channel  performance  was  criti¬ 
cally  dependent  on  the  entrance  boundary-layer-blockage  conditions. 

(C)  Relative  to  the  cascade  tests,  it  was  determined  that  aerodynamic  loading  of 
the  vanes  was  sufficiently  high  to  cause  considerable  separation.  Several  adjust¬ 
ments  were  made  to  the  vanes  (angular  orientation  and  camber)  to  alleviate  the 
apparent  deficiencies,  but  it  was  evident  that  considerable  effort,  well  beyond  the 
intended  scope  of  this  program,  would  be  required  to  develop  a  suitably  perform¬ 
ing,  high-Mach-number  cascade  row.  Therefore,  these  preliminary  tests  on  the 
first  row  led  to  the  conclusion  that  although  the  cascade-type  diffuser  had  poten¬ 
tial,  the  development  of  second,  third,  and  fourth  stages  in  combination  with  the 
first,  would  dilute  the  effort  on  the  vane-island  types.  On  this  basis,  further 
cascade-diffuser  research  was  deleted. 

(C)  Development  of  the  channel-diffuser  flow  model  was  accomplished  with  con¬ 
current  tests  on  the  compressor  test  rig  an  1  on  the  separate  Boeing-owned  single- 
channel-diffuser  flow  rig.  From  these  test  results,  a  new  vane-island  diffuser 
was  designed  to  match  the  previously  mentioned  new  impeller.  A  description  of 
the  design  and  test  results  of  this  diffuser,  in  which  the  new  knowledge  has  been 
incorporated,  ij  presented  in  a  follow-on  report  entitled  "Design  and  Develop¬ 
ment  of  Small,  Single-Stage  Centrifugal  Compressor"  (u)  (Classified 
Confidential)  (USAAVLABS  Technical  Report  67-47). 
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(U)  1.0  INTRODUCTION 


To  meet  future  Army  aviation  and  ground-equipment  powerplant  requirements,  the 
following  advances  in  small-gas-turbine- engine  component  technology  were  identi¬ 
fied:  (1)  doubling  of  current  power-to-weight  ratios,  (2)  reducing  full-  and  part¬ 
load  specific  fuel  consumption,  and  (3)  minimizing  cost  per  horsepower.  To 
achieve  these  goals,  Boeing  conducted  preliminary  design  studies  in  1963  and, 
under  contract  to  USAAVLABS  since  1964,  has  continued  these  research  activities 
with  detail  design  studies.  These  stu  lies  have  shown  that  the  best  approach  for 
accomplishing  these  objectives  is  to  ,'evelop  a  high- temperature  turbine  and  a 
high-pressure-ratio,  single-stage  compressor. 

1.1  OBJECTIVE 


The  objective  of  this  compressor  research  program  was  to  advance  single-stage 
centrifugal-compressor  technology  to  a  pressure  ratio  of  10:1  at  80-percent 
efficiency.  This  advancement  and  expected  gains  in  high-temperature  turbine 
technology  will  reduce  specific  fuel  consumption  to  0.49pound  per  horsepower 
per  hour  for  current  simple-cycle  engines  and  to  0.38  pound  per  horsepower  per 
hour  for  regenerative  engines,  with  a  corresponding  34-  to  50-percent  reduction 
in  part-load  specific  fuel  consumption.  Because  airflow  requirements  at  a  given 
horsepower  decrease  with  advanced  component  technology  and  engine  performance, 
lower  airflow  requirements  have  been  projected  for  small  gas-turbine  engines  to 
be  used  by  the  Army  in  the  future.  Consistent  with  these  projections,  Boeing 
conducted  a  compressor  research  program  to  achieve  the  2-pound-per-se  :ond 
airflow  lower  limit  of  the  2-  to  5 -pound -per- second  airflow  range  specified  by 
USAAVLABS. 

Table  I  compares  a  future  gas-turbine  engine,  incorporating  an  advanced  tech¬ 
nology  single-stage  centrifugal  compressor  and  a  high- temperature  turbine,  with 
a  current  production  engine. 

The  proposed  high-pressure-ratio,  high- efficiency  compressor  is  required  to 
achieve  the  above  specific -fuel- consumption  goals.  Figures  1  and  2  show  the 
effects  of  compressor  pressure  ratio  and  efficiency  on  the  overall  performance  of 
future  high- temperature  regenerative  and  nonregenerative  engines.  For  a  simple- 
cyc.le  engine,  an  increase  in  pressure  ratio  at  a  given  efficiency  decreases  spe¬ 
cific  fuel  consumption  and  increases  specific  power.  For  example,  Figure  1 
shows  that  specific  fuel  consumption  decreases  approximately  19  percent  and  that 
specific  power  increases  about  9  percent  for  a  simple-cycle  engine  when  the  com¬ 
pressor  pressure  ratio  increases  from  6:1  to  10:1.  For  a  regenerative  engine, 
an  optimum  pressure  ratio  exists  for  minimum  specific  fuel  consumption.  Figure 
2  indicates  that  specific  fuel  consumption  decreases  approximately  3  percent  and 
specific  power  increases  about  8  percent  when  the  compressor  pressure  ratio  is 
increased  from  6:1  to  10:1  at  80-percent  compressor  efficiency. 
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TABLE  I 

PERFORMANCE  COMPARISONS 

Current  Engine 

Future  Engine 
(Nonregenerative) 

Future  Engine 
(Regenerative) 

Specific  Power 
(hp/lb-airflow/sec) 

93 

190 

182 

Specific  Fuel 
Consumption 
(IbAp/hr) 

•  0.68 

0.49 

o.r 

Turbine- Inlet 

Temp.  (°F) 

1650 

2300 

2300 

Compressor 

Pressure  Ratio 

6:1 

10:1 

10:1 

ICO  120  140  160  180  200  220 

Specific  Power  (hp/lb-airflow/sec) 


Figure  1.  Effect  of  Compressor  Performance  on  Simple-Cycle  Engine. 


Figure  2„  Effect  of  Compressor  Performance  on  Regenerative  Engine. 


An  itemized  breakdown  of  design-point  cycle  parameters  used  to  prepare  Figures 


1  and  2  is  given  below: 

Gas-Producer- Turbine  Total- to- Total  Efficiency  (Percent)  86 
Power- Turbine  Total-to-Static  Efficiency  (Percent)  83 

Burner  Pressure  Drop  (Percent)  4 

Burner  Efficiency  (Percent)  98 

Gas-Producer- Rotor  Mechanical  Loss  (Percent)  2 

Turbine-Gutput-Secticn  Mechanical  Loss  (Percent)  3 

Lower  Heating  Value  of  Fuel  (Btu/lb)  18, 400 


The  gas- producer- turbine  and  power-turbine  efficiencies  selected  for  the  cycle 
studies  are  compatible  with  current  Boeing  technology;  moreover,  this  perform¬ 
ance  does  not  require  improvement  in  turbine  aerodynamics.  Boeing  research 
programs  completed  in  1965  have  indicated  the  feasibility  of  reducing  the  com¬ 
bustion-system  pressure  drop  in  high- temperature  combustors  below  4  percent 
and  of  increasing  combustion  intensity,  while  maintaining  a  100°  to  150°  F  peak- 
to-mean  exit  temperature  spread.  Gas-producer-section,  turbine  output- section, 
and  accessory-drive  mechanical  losses  are  based  on  current  test  experience. 
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The  relationship  of  part-  to  full-load  specific  fuel  consumption  is  significant  in 
most  powerplant  applications.  The  effect  of  high-cycle  pressure  ratio  and  high- 
cycle  temperature  on  this  relationship  has  been  investigated.  Figure  3  compares 
part- load  performance  of  both  the  regenerative  and  nonregenerative  future  engines 
with  the  performance  of  a  current  engine.  As  shown,  the  fuel  consumption  advan¬ 
tage  of  the  future  high-pressure,  high-temperature  engine  increases  as  power 
decreases.  At  40-percent  load,  the  simple-cycle  engine  shows  a  34-percent 
reduction  in  part-load  specific  fuel  consumption  relative  to  current  engines,  and 
the  regenerative  engine  shows  a  50-percent  reduction.  In  each  instance,  the  per¬ 
formance  of  the  advanced  technology  engine  meets  the  requirements  of  future 
Army  gas  turbines. 

1.2  PREVIOUS  RELATED  EXPERIENCE 


Development  of  centrifugal  compressors  for  small- gas-turbine  applications  was 
initiated  by  The  Boeing  Company  in  the  mid  1940’s.  Early  efforts  were  based  on 
supercharger  design  principles  and  led  to  the  development  of  a  centrifugal  com¬ 
pressor  with  a  pressure  ratio  of  about  3:1  at  an  efficiency  of  74  percent.  This 
compressor  was  the  basis  for  the  first  production  engines;  however,  research 
programs  were  initiated  to  advance  compressor  technology.  These  early  studies 
resulted  in  the  development  of  4.3:1  pressure  ratio  at  an  efficiency  of  76. 5  per¬ 
cent.  This  performance  was  attained  by  improving  the  design  of  the  inducer  sec¬ 
tion  of  the  impeller  and  by  advancing  the  impeller- tip  wheel  speed  to  1530  feet  per 
second. 

At  this  point,  Boeing  elected  to  advance  its  single-stage  compressor  technology, 
and  a  new  design  based  on  experience  gained  from  earlier  compressor  develop¬ 
ment  resulted  in  a  6:1  pressure  ratio  at  76-percent  efficiency.  This  6:1  pressure- 
ratio  compressor  advanced  Boeing  technology  into  the  region  of  transonic  Mach 
numbers  at  the  impeller  tip.  It  was  discovered  that  impeller-tip  Mach  numbers 
of  about  1. 2  could  be  accepted  without  performance  loss.  This  successful  opera¬ 
tion  in  the  transonic  region  also  indicated  that  still  higher  impeller- tip  Mach 
numbers  were  attainable  without  large  efficiency  losses  (approximately  3  to  5  per-  w 

cert).  Thus,  the  potential  existed  for  achieving  pressure  ratios  with  a  single- 
stage  compressor  previously  reached  only  in  multistage  designs. 

Research  to  develop  analytical  methods  for  studying  transonic  impeller  character-  a 

istics  was  begun.  To  advance  the  centrifugal-compressor  research  effort,  Boeing 
developed  computer  programs  for  studying  aerodynamic  conditions  throughout  the 
impeller  and  the  diffuser  and  for  analyzing  impeller  blade  shape  and  diffuser  pas¬ 
sage  design.  These  computer  analyses  and  newly  developed  water-table  tech¬ 
niques  for  diffuser  analyses  permitted  preliminary  evaluations  of  many  configura¬ 
tions  in  a  short  time.  Test  and  analysis  of  transonic  diffuser-element 
performance  showed  that  better  diffuser-vane  (passage)  configuration  designs  were 
necessary  to  advance  compressor  pressure  ratio  further. 
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Engine  Power  (%  of  Full  Load) 

Figure  3.  Effect  of  Cycle  Temperature  and  Pressure  on  Part- Load  SFC. 


The  centrifugal  impeller  for  the  6: 1-presr.ure-ratio  compressor  was  developed  by 
treating  the  inducer  and  impeller  as  a  single  unit.  A  later  investigation,  in  which 
the  inducer  was  analyzed  separately,  showed  a  tip  diffusion  factor  of  0.66,  much 
higher  than  normally  is  accepted  for  axial-compressor  designs.  This  factor  was 
reduced  to  an  acceptable  0.45  by  decreasing  the  rate  of  diffusion  through  the 
inducer,  which  was  accomplished  by  reducing  the  exit  area  of  the  inducer  while 
maintaining  the  original  inlet  conditions.  The  tip  diameter  along  the  inducer 


length  was  kept  constant.  Compressor  performance  was  improved  by  designing  a 
new  impeller  to  match  the  modified  inducer  and  by  incorporating  these  components 
into  a  complete  compressor.  Test  results  from  this  new  configuration  were  com¬ 
pared  with  results  from  previous  tests.  Figure  4  shows  the  original  6:1  compres¬ 
sor  map,  and  Figure  5  shows  the  compressor  map  for  the  modified  configuration. 
Performance  of  the  modified  configuration  increased  by  4  percent,  to  80-percent 
efficiency.  The  6:1  pressure-ratio,  single-stage,  centrifugal-compressor  pro¬ 
gram  indicated  that  an  axial-compressor  design  criterion,  the  diffusion  factor, 
was  directly  applicable  to  inducer  analysis.  This  type  of  analysis  and  other  ana¬ 
lytical  design  methods  developed  for  centrifugal  compressors  showed  that  even 
higher  performance  levels  could  be  reached. 

Further  studies  indicated  that  pressure  ratios  of  10:1  at  high  efficiency  were 
possible.  Research  areas  were  identified,  and  it  was  determined  that  available 
design  information  would  require  further  refinement  if  high  centrifugal-stage 
pressure  ratios  were  to  be  achieved.  Analyses  of  the  internal  fluid  mechanics  of 
impellers  were  inadequate  and  not  suitable  for  use  in  reaching  the  10:1  pressure 
ratio.  Consequently,  research  was  conducted  to  establish  new  criteria  for  inter¬ 
nal-flow  diffusion,  turning,  and  separation.  Another  critical  factor  in  achieving 
a  high  pressure  ratio  was  an  improved  understanding  of  the  complex  flow  fields 
from  the  impeller  tip  to  the  diffuser  inlet.  The  changing  character  of  transonic 
flow  in  this  vaneless  region  required  more  thorough  assessment.  The  diffuser- 
channel  flow  behavior  was  carefully  studied. 

1,3  RESEARCH  APPROACH 

From  previous  analytical  studies  to  achieve  a  single-stage  pressure  ratio  of  10:1, 
it  was  established  that  significant  technical  advances  would  be  necessary  in  both 
impeller  and  diffuser  designs.  Specific  areas  of  investigation  for  the  USAAVLABS 
centrifugal-compressor  research  program  were:  (1)  minimizing  the  effects  of 
transonic  How  conditions  at  the  inducer  and  the  diffuser  entrance,  (2)  determining 
the  influence  of  inducer  hub-to-tip  diameter  and  its  effect  on  inducer  and  impeller 
performance,  and  (3)  establishing  methods  to  provide  adequate  operating  range  at 
high  pressure  ratios. 

The  high  pressure  ratio  and  efficiency  at  low  design  airflows  had  to  be  achieved; 
thus,  the  program  was  planned  for  a  compressor  in  the  2-pound-per- second 
range.  Other  compressor  research  at  low  design  airflows  (where  Reynolds  num¬ 
ber,  scale  effects,  and  manufacturing  tolerances  are  particularly  important)  had 
indicated  that  scaling  compressor  sizes  upward  in  flow  capacity  was  easier  than 
scaling  them  downward.  Therefore,  the  greatest  technological  advantage  will 
most  probably  be  realized  with  the  smallest  component  size. 
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Figure  5.  Single-Stage  Centrifugal  Compressor  With  Redesigned  Impeller. 


Early  in  1964.  impeller  and  diffuser  elements  were  designed  to  provide  the  tech¬ 
nology  required  to  reach  a  10:1  pressure  ratio  at  80-percent  efficiency.  These 
first  elements  were  tested  and  evaluated  concurrently  to  define  the  physical  di¬ 
mensions  and  flow  dynamics  of  components.  From  this  performance  evaluation, 
a  new,  complete  compressor  was  designed  to  reach  the  specified  performance 
levels. 
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(C)  2.0  ANALYTICAL  STUDIES  (U) 

The  purpose  of  this  research  program  was  to  establish  the  technology  for  a 
future  high-pressure-ratio,  high-efficiency,  single-stage  centrifugal  compres¬ 
sor  that  would  provide  a  pressure  ratio  of  10:1  at  80-percent  efficiency  with  an 
airflow  of  2  pounds  per  second.  The  general  approach  in  the  analytical  studies 
was  to  determine  the  relationships  of  the  various  parameters  that  affect  centrif¬ 
ugal  -compressor  performance.  The  following  sections  present  the  details  of 
the  studies  made  to  define  the  aerodynamic  components. 

2. 1  PRELIMINARY  DESIGN  REQUIREMENTS 

The  feasibility  of  reaching  this  performance  was  based  on  a  review  (early  in 
1964)  of  available  compressor  technology  discussed  in  Section  1.  0,  Introduction, 
of  this  report.  The  compressor  map  shown  in  Figure  5  of  Section  1.  0  is  the 
result  of  tests  conducted  before  the  start  of  this  program.  In  part,  these  data 
formed  the  basis  of  the  studies  discussed  in  this  section.  Pressure  ratios  of  6: 1  to 
6.7:1  were  achieved  at  efficiencies  of  78  to  80  percent,  respectively,  and 
airflows  between  2  and  3  pounds  per  second.  By  expanding  this  earlier  research 
with  technology  from  the  Army- contracted  program,  higher  pressure  ratio  will 
be  possible  at  equally  good  efficiency. 

To  reach  the  performance  levels  shown  in  Figure  5,  design  principles  were  re¬ 
evaluated.  For  analysis,  the  impeller  was  divided  into  2  sections:  the  inducer 
section  and  the  radial  section.  Figure  6  is  a  sketch  of  a  typical  centrifugal 
compressor.  The  greater  part  of  the  work  performed  by  the  impeller  is  done  in 
the  radial  section,  where  the  air  is  brought  to  the  tip  at  absolute  velocities 
approaching  wheel  speeds.  However,  the  achievement  of  high  pressure  ratio 
depends  not  only  on  high  tip  velocities,  but  also  on  the  passage  design.  It  was 
believed  that  inducers  operate  similarly  to  axial-flow  compressors;  thus,  for 
evaluation,  Boeing  adopted  the  method  of  analyzing  this  section  by  using  axial- 
compressor  criteria.  The  work  to  demonstrate  the  effectiveness  of  this  experi¬ 
mental  approach  was  begun  in  1963. 

For  performance  demonstration,  an  existing  Boeing  compressor  with  a  6:1 
pressure  ratio  at  76-percent  efficiency  was  analyzed.  The  inducer  section  was 
found  to  be  aerodynair  icaily  overloaded  when  compared  to  an  axial  compressor 
and  had  a  tip  diffusion  factor  of  0.  66.  Therefore,  this  section  of  the  compressor 
was  redesigned  for  an  acceptable  tip  diffusion  factor  of  0. 45,  and  the  overall 
compressor  efficiency  was  increased  by  4  percent.  This  experiment  showed 
that  flew  separation  losses  had  been  minimized  by  improving  the  flow-area 
schedule  through  the  inducer-impeller  combination.  Diffusion  factors  and  turbu¬ 
lent-boundary-layer  shape  criteria  were  used  to  select  the  correct  flow-area 
schedule.  This  new  design  indicated  that  further  efficiency  gains  could  be 
achieved  as  refinements  were  developed  through  additional  research. 
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Figure  6.  Typical  Single-Stage  Centrifugal  Compressor. 
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In  conjunction  with  the  above  program,  isolated  inducers  were  experimentally 
evaluated  at  tip  Mach  numbers  up  to  1. 1.  The  results  of  this  work  showed  that 
efficient  rotors  could  be  designed  for  operation  in  the  transonic  region.  It  was 
shown  that  the  tip  geometry  of  the  inducer  section  could  be  made  more  consistent 
with  axial -compressor  designs  without  incurring  large  efficiency  losses.  In 
general,  earlier  conventional  inducers  were  designed  with  leading-edge  thicknes¬ 
ses  of  0.05  to  0.06  inch.  However,  transonic  axial  stages  were  constructed  with 
leading-edge  thicknesses  of  0. 01  to  0.  015  inch.  A  comparison  of  the  two  showed 
that,  at  subsonic  inlet  relative  Mach  numbers,  the  inducer  pressure  losses  were 
similar  to  those  of  axial  compressors.  For  higher  Mach  numbers  (Mach  numbers 
up  to  1. 1),  pressure  losses  were  greater  for  the  inducer  than  for  the  transonic 
axial  compressors.  Figure  7  shows  totai  pressure  recovery  at  various  relative 
inlet  Mach  numbers  for  the  inducer  sections  and  current  transonic  axial  rotors. 
The  indicated  performance  gains  led  to  isolated  inducer  testing  where  the  leading 
edges  were  trimmed  to  0.025  inch.  The  tests  showed  that  losses  could  be  cor¬ 
related  with  inlet  relative  Mach  number  and  compared  to  transonic  axial-compres¬ 
sor  experimental  data.  Based  on  conclusions  from  these  tests,  the  inducers  for 
the  Army  centrifugal-compressor  research  program  were  designed  with  leading 
edges  similar  to  those  of  the  transonic  axial  rotors.  With  these  data  available 
for  the  inducer  portion  of  the  impeller,  the  remaining  radial  section  could  be 
analyzed  to  determine  the  range  of  geometries  and  rotor  speeds  required  to  attain 
a  10:1  pressure  ratio. 

2.1.1  IMPELLERS 


This  preliminary  evaluation  and  the  Euler  work  relation  (page  30)  showed  that 
the  required  impeller-tip  speed  for  the  10:1  pressure  ratio  was  2000  fps.  This 
tip  speed  results  in  a  large-diameter  impeller  unless  a  high  rotor  speed  (rpm) 
was  used.  For  a  given  inlet  hub-to-tip-diameter  ratio,  the  limits  applied  to  the 
inlet  relative  Mach  number  directly  influence  rotor  rpm,  and,  therefore,  overall 
impeller  diameter.  To  obtain  this  technology  for  a  small,  lightweight  engine, 
the  ability  to  achieve  Mach  numbers  as  high  as  those  for  a  transonic  compressor 
must  be  investigated.  Therefore,  inducer  analysis  required  further  refinement 
of  geometric  data  on  the  inlet  area  selected  for  the  2-pound-per-second  airflow. 

As  an  example  of  the  factors  considered,  design  at  conventional  inlet  Mach 
numbers  (below  0.  85)  would  require  a  small  inducer  h:\b-to-  tip-diameter  ratio 
(i.  e. ,  a  small  hub  diameter)  and  would  result  in  a  large'  diameter  impeller  at 
low  rpm.  In  addition,  the  small  inducer  hub  diameter  would  limit  the  number  of 
biades  that  could  be  used;  usually  the  number  of  blades  would  be  so  few  as  to 
cause  wide  blade  spacing  at  the  impeller  tip.  Consequently,  control  of  the  flow 
near  the  impeller  tip  would  net  be  possible,  and  large  regions  of  flow  separation 
would  occur.  To  avoid  this  difficulty,  blade  spacing  in  some  designs  has  been 
reduced  by  adding  half  blades  in  the  radial  portion  of  the  impeller.  However, 
this  method  has  met  with  only  limited  success  because  the  half  blades  have  been 
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located  midway  between  the  hill  blades,  placing  them  in  a  region  where  high 
incidence  at  their  leading  edges  has  offset  the  predicted  efficiency  gains.  This;' 
incidence  results  from  nonuniform  velocity  distributions  through  the  blade 
passages. 

The  basic  impeller  design  problem  is  to  achieve  the  best  balance  of  the  various 
parameters  that  affect  performance,  which  are: 

1)  Inducer  hub-to-tip-diameter  ratio; 

2)  Inducer-tip  relative  Mach  number; 

3)  Rotor  speed  (rpm)  and  its  effect  on  impeller-tip  diameter; 

4)  Number" of  blades  at  the  inducer  and  their  effect  on  spacing  near  the  impel¬ 
ler  tip; 

5)  Area  schedule  through  the  blade  passages. 

In  each  design  studied,  the  objective  was  to  control  aerodynamic  loading  through 
the  passages  to  avoid  early  separation.  The  investigations  included  studying 
inducer-tip  Mach  number  at  various  hub-to-tip  ratios  for  the  various  rpm 
selected.  Throughout  the  study,  blade  spacing  at  the  impeller  tip  was  used  as  a 
parameter  in  determining  whether  overall  proportions  were  suitable  for  further 
study.  Figure  8  shows  a  schematic  comparison  of  flow  separation  at  the  tip  for 
2  impellers  having  different  numbers  of  blades.  A  flow  separation  is  shown  on 
the  suction  surface  of  the  blades  and  accounts  for  the  relative  air  outlet  angles 
being  less  than  90  degrees.  This  angle  varied  with  the  aerodynamic  loading  of 
each  impeller.  Figure  8  also  shows  that  separation  occurs  earlier  in  the 
passage  and  that  exit  wake  is  greater  (total  pressure  los  ?  and  aerodynamic  slip 
are  higher)  for  the  impeller  with  fewer  blades,  so  that  the  flow  leaves  the 
impeller  in  a  direction  farther  from  radial.  For  an  increased  number  of  blades, 
the  relative  velocity  vector  is  more  nearly  radial, which  results  in  a  larger 
energy  input  to  the  air  at  a  given  rotor  speed. 

Figure  9  shows  three  impellers  with  equal  blade  spacing  at  the  hub  but  with 
different  hub  and  tip  diameters.  The  inducer  with  the  lowest  hub-to-tip  ratio  has 
the  largest  impeller  blade  tip  spacing  —  this  type  of  design  would  be  subject  to 
early  flow  separation.  However,  the  highest  hub-to-tip  ratio  shows  the  smallest 
blade  spacing  at  the  tip  but  operates  at  the  highest  inducer-tip  Mach  number.  In 
each  case,  a  higher  rpm  would  reduce  the  impeller-tip  diameter  and  improve  the 
spacing  relationships  in  that  area  but  would*  require  a  higher  Mach  number  at  the 
inducer  inlet.  These  analyses  were  conducted  on  impellers  having  only  radial 
blade  elements, although  some  compressors  explored  by  other  researchers  have 
had  backward-curved  impeller  blades  to  minimize  flow  separation  near  the  tip 
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Figure  8.  Comparison  of  Pressure  Profile  for  Two  Impellers. 
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region.  This  approach  was  considered  but  was  dismissed  early  in  the  program 
because  of  structural  difficulties  from  high  stresses  caused  by  the  nonradial 
blade  elements.  In  addition,  backward  curving  would  be  accompanied  by  a 
further  increase  in  stress  because  the  required  tip  speed  would  be  increased 
beyond  2000  fps  to  compensate  for  the  reduced  change  in  momentum  at  the  tip. 

At  lower  pressure  ratios  and  tip  speeds,  this  design  can  reduce  aerodynamic 
loading  at  the  impeller  tip;  thus,  it  should  be  considered  for  use  where  centrif¬ 
ugal  stresses  are  low  enough  to  warrant  a  mor^  complete  investigation. 

A  review  of  other  designs  indicated  that  mixed-flow  impellers  should  also  be 
considered.  It  was  believed  that  1  to  2  efficiency  points  can  be  gained  over  the 
conventional  radial-type  impellers  because  of  the  reduced  amount  of  radial  turn¬ 
ing  from  inlet  to  exit  in  the  mixed-flow  impeller.  This  design  is  characterized 
by  a  rearward  lean  of  the  blade  passage  in  a  meridional  view.  Figure  10 
illustrates  a  mixed-flow  impeller,  typical  of  those  considered  for  further  re¬ 
search  work.  Such  designs  should  be  evaluated  not  only  because  of  predicted 
efficiency  gains  but  also  because  of  possible  improvements  in  blade  root  stresses 
from  reductions  in  radial  blade  height.  The  disadvantages  of  this  impeller 
design  are  that  the  diffuser  must  be  positioned  between  conical  walls,  which 
makes  fabrication  difficult,  and  that  there  is  a  greater  axial  impeller  length, 
which  results  in  higher  rotor  weight  than  in  the  radial -type  impeller. 

At  the  outset,  the  research  plan  was  to  evaluate  both  the  radial-  and  mixed-flow 
impellers  to  determine  the  advantages  of  each  at  the  higher  pressure  ratios. 
Because  major  Boeing  research  already  had  been  concentrated  on  the  radial -flow 
impellers,  early  efforts  in  this  program  were  to  understand  the  mixed-flow 
impeller  better.  Therefore,  the  program  plan  included  3  mixed-flow  impellers 
and  1  radial -flow  impeller.  All  4  were  intended  for  high-pressure -ratio  research 
on  a  special  impeller  test  rig.  A  fifth  impeller  (radial  type)  was  designed  to 
evaluate  different  diffuser  designs  on  another  test  rig.  This  impeller  was 
designed  for  the  same  test  condition  and  also  yielded  valuable  design  information. 

2.1.2  DIFFUSERS 

In  establishing  the  research  effort  for  diffusers,  the  preliminary  design 
objectives  were  to  define  the  complex  flow  fields  from  the  impeller  tip  through 
the  diffuser  and  to  determine  the  highest  possible  pressure  recovery.  Achieving 
the  necessary  high  efficiency  in  this  area  is  complicated  by  flow- field  changes 
in  the  vaneless  space.  For  example,  upon  leaving  the  impeller,  the  flow  must 
mix  and  assume  a  vortex  distribution  so  that  static  pressure  will  rise  in  the 
radial  direction.  At  some  point  in  the  vaneless  space,  an  adjustment  or  transi¬ 
tion  in  flow  direction  has  to  occur  before  the  air  reaches  the  diffuser  tip,  at 
which  point  the  pressure  rise  becomes  nonradial  end  normal  to  the  flow  direction 
through  the  diffuser  passages.  In  addition,  it  was  not  clear  whether  efficient 
diffusion  would  occur  before  reaching  the  diffuser  tip,  because  the  area  in  the 
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Figure  10.  Mixed- Flow  Impeller  (Meridional  View). 

vaneless  space  increases  in  the  radial  direction  during  initial  supersonic  flow. 
Shocks  were  expected  to  occur  ahead  of  the  diffuser  throat.  A  study  of  these 
effects  was  essential  to  the  goals  of  this  program;  thus,  tests  of  several  con¬ 
figurations  were  planned. 
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To  ensure  an  efficient  diffusion  process,  specific  problem  areas  were  thoroughly 
investigated.  For  example,  a  10:1  pressure-ratio  compressor  will  operate  with 
diffuser-tip  Mach  numbers  of  about  1.3  at  a  tip-blade  height  of  about  0.20  inch. 
Some  background  information  was  available  from  earlier  research  in  which  Boeing 
used  a  shadowgraph  technique  to  study  a  compressor  at  a  pressure  ratio  of  7:1. 

For  this  case,  Mach  numbers  at  the  vane  leading  edges  were  about  1.2.  The 
effort  produced  the  first  clear  evidence  of  shocks  at  the  throat  inlet.  Figure  11 
shows  1  of  the  pictures  taken  during  the  investigations.  The  effects  of  the  shocks 
ahead  of  and  at  the  channel  entrance  were  known  to  influence  boundary-layer 
development;  consequently,  performance  of  the  downstream  subsonic  diffuser 
section  will  depend  on  the  conditions  existing  at  the  beginning  of  the  diverging 
section.  If  the  shock  were  located  in  a  region  where  the  boundary  layer  was 
thinnest,  separation  effects  and  the  influence  of  the  boundary-layer  conditions 
could  be  minimized. 

Two  basic  types  of  diffusers  were  considered.  The  first  was  a  cascade-type 
diffuser  with  airfoil  vanes  grouped  in  stages,  and  the  second  was  the  channel-type 
diffuser  used  in  nearly  all  previous  Boeing  compressors.  In  studying  each  type, 
several  factors  were  considered: 

1)  Friction  loss  depends  on  the  air  velocities  and  the  wetted  surface  area.  To 
minimize  the  effects  in  the  vaneless  and  semivaneless  space,  a  study  of  the 
number  of  vanes  and  diffuser-tip-to-impeller-tip-diameter  ratio  (diffuser- 
diameter  ratio)  was  conducted. 

2)  Separation  loss  depends  on  Mach  number,  flow  irregularities,  and  diffusion 
rate.  The  number  of  van^s  and  diffuser-diametor  ratio  also  influence  this 
loss. 

For  the  cascade-type  diffuser,  30  to  40  vanes  would  be  required  in  the  first  row 
to  minimize  the  path  length  from  the  impeller  tip  to  the  throat.  In  addition,  a 
small  diffuser-to-impeller-tip-diameter  ratio,  with  the  vanes  located  close  to 
the  impeller  tip,  would  locate  the  shock  early  in  the  flow  path,  leaving  the 
remaining  portions  of  the  path  for  subsonic  diffusion.  By  reaching  subsonic 
conditions  as  soon  as  possible,  these  friction  losses  in  the  vaneless  and  semi¬ 
vaneless  space  would  be  reduced.  Further,  the  shock  could  be  used  to  produce 
an  efficient  large  static  pressure  rise  in  a  short  distance.  Before  establishing  a 
configuration,  a  trade  study  of  these  parameters  was  made  to  assess  performance. 
Losses  from  the  shock  were  only  1  to  2  percent  of  total  pressure.  A  more 
complete  study  was  conducted  of  component  design  and  cascade  vanes  to  deter¬ 
mine  if  this  type  of  diffuser  warranted  further  investigation. 

The  contractor  has  extensive  research  and  development  experience  with  the 
principal  configuration,  a  channel-type  diffuser  (often  referred  to  as  a  vane- 
island  diffuser).  Again,  as  with  the  cascade  diffuser,  trade  studies  were 
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Shadowgraph  Picture  of  Flow  at  Channel  Diffuser  Entrance 


>0  »  I  ■  "  ■  ■  . . .  ■  ■  ■-  —I 

0.0  1.0  1.0  S.0  4.9  1.0 


Path  Length  (Inches) 

Static-Pressure  Distribution  Along  Flow  Path 


Figure  11.  Diffuser  Flow  With  Supersonic  Inlet  Velocity. 
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conducted  for  a  range  of  designs,  considering  the  various  factors  that  affect 
diffuser  performance.  Three  basic  configurations  were  selected  that  would  pro¬ 
vide  the  test  data  necessary  to  validate  the  analytical  studies.  The  components 
were  designed  to  evaluate  differences  in  diameter  ratio,  throat  Mach  number,  and 
number  of  channels. 

In  these  diffuser  studies,  variable  airflow  of  the  compressor  at  constant  rotor 
speed  was  investigated.  By  holding  compressor  pressure  ratio  constant  while 
reducing  airflow  for  part-load  engine  operation,  low  specific  fuel  consumption 
throughout  most  of  the  operating  range  can  be  achieved  if  a  turbine  that  meets  the 
variable  airflow  conditions  can  be  developed.  To  demonstrate  these  potentials,  a 
rig  test,  for  which  available  research  components  were  used,  was  conducted  dur¬ 
ing  1963.  A  set  of  variable  guide  vanes  was  used  at  the  inducer  inlet  of  a  single- 
stage  centrifugal  compressor,  which  included  an  8-channel  diffuser.  The  diffuser 
channels  were  modified  in  a  series  of  steps,  and  axial  depth  of  the  passages  was 
reduced  to  agree  with  areas  required  for  the  expected  flow  changes.  The  guide 
vanes  were  used  to  adjust  flow  angles  at  the  inlet  to  match  the  inducer  angles. 

The  objective  was  to  determine  performance  characteristics  at  3  settings:  100-, 
75-,  and  50-percent  design  airflow.  The  results  of  this  preliminary  test  are 
shown  in  Figure  12.  The  results  from  this  test  warranted  additional  research  on 
the  concept,  which  was  included  in  the  Army  centrifugal-compressor  research 
program.  A  set  of  adjustable  inlet  guide  vanes  and  adjustable  diffuser  channels 
was  considered  early  in  the  design  effort.  However,  the  primary  objective  was 
to  establish  criteria  for  determining  the  best  diffuser  performance  at  design  air¬ 
flows;  the  secondary  objective  was  to  study  variable  flow  capacity. 

To  gain  the  required  'echnology,  new  information  on  flow  phenomena  ahead  of 
the  diffuser  vane  was  necessary.  Therefore,  new  techniques  for  gathering  these 
data  were  studied. 

1)  Recording  of  Pressure  Data  —  A  thorough  definition  of  static-pressure  pro¬ 
files  in  vaneless,  semivaneless,  and  throat  regions  was  essential.  To  study 
this  flow  field,  static-pressure  taps  were  located  close  together  throughout 
the  path  to  record  small  pressure  changes.  Approximately  100  taps  in  each 
of  the  2  side  walls  were  required,  but  manual  recording  of  this  many  pres¬ 
sures  was  not  feasible.  Therefore,  to  achieve  the  desired  result,  a  new 
system  for  instantaneously  and  automatically  recording  the  pressures  was 
purchased  by  Boeing  for  this  research  program. 

2)  Water-Table  Analogies  —  A  water  table  was  available  from  previous  research 
programs  for  preliminary  evaluation  of  diffuser  elements.  The  table  was 
used  for  visually  determining  shock  locations  and  flow  separation  regions;  it 
provided  an  opportunity  to  study  many  configurations  qualitatively  in  a  short 
time. 
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Figure  12.  Single-Stage  Centrifugal  Compressor  (Variable-Flow-Capacity  Demonstration; 
Reduced  Diffuser  Flow  Areas  With  Inlet  Guide  Vane  Adjustments). 
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3)  Schlieren  Studies  —  The  best  technique  for  correlating  the  above  pressure 
surveys  and  water-table  analogies  was  a  schlieren  system.  The  objective 
was  to  obtain  visual  evidence  of  density  changes  and  to  locate  shocks  along 
the  early  part  of  the  diffuser  path  in  the  environment  of  the  compressor  test 
rig.  Previous  attempts  to  measure  only  pressure  data  were  often  mislead¬ 
ing.  Consequently,  the  contractor  developed  a  special  schlieren  unit  for  use 
with  the  diffuser  tests  planned  for  the  Army  centrifugal-compressor  research 
program. 

The  following  sections  present  details  of  the  above  analytical  studies  used  to 
select  specific  impeller  and  diffuser  designs. 

2.2  IMPELLER  DESIGN 


The  detail  design  analyses  reported  in  this  section  include  parametric  studies 
of  impellers  and  impeller  aerodynamics.  In  these  analyses,  inducer-diameter 
ratio,  relative  inlet  Mach  number,  rotor  speed,  number  of  blades,  impeller -tip 
geometry,  and  passage-area  schedule  were  thoroughly  studied.  The  relationship 
among  the  various  parameters  was  determined,  and  areas  requiring  additional 
research  and  analytical  envelopment  were  identified. 

Each  impeller  design  was  carefully  evaluated  through  a  logical  sequence  of 
analysis,  beginning  with  the  parametric  study  of  design  requirements,  followed 
by  the  establishment  of  design  methods,  and  ending  with  the  definition  of  aero¬ 
dynamic  design  criteria.  This  process  led  to  the  mechanical  design  of  impeller 
test  components. 

2. 2. 1  PARAMETPJC  ANALYSIS 


The  parametric  analysis  work  included  investigations  in  which  performance 
trends  were  compared  to  geometric  parameters.  For  this  purpose,  certain 
fundamental  principles  were  used  in  evaluating  the  size,  speed,  and  work  rela¬ 
tions,  For  a  10:1  pressure  ratio  at  80-percent  efficiency,  the  value  of  work  done, 
E,  was  calculated  as  144, 8  Btu/lb  of  airflow. 

Using  the  Euler  energy-transfer  relation  between  a  rotor  and  fluid,  the  impeller 
tip  speed  was  determined  as  follows: 


E 


2  gJ 


(1) 
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This  equation  can  be  simplified  by  using  the  geometric  relationships  from  the 
vector  diagrams  shown  in  Figure  13. 
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Introducing  the  definition  of  slip  factor, 
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Equation  (2)  becomes 
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The  symbols  used  in  the  above  equations  are: 

=  inducer  blade  speed,  fps 
=  impeller  blade-tip  speed,  fps 
Vj  =  absolute  air  velocity  at  inducer  inlet,  fps 

=  absolute  air  velocity  at  impeller  blade  tip,  fps 
V2  =  relative  air  velocity  at  inducer  inlet,  fps 
V  =  relative  air  velocity  at  impeller  tip,  fps 

U 

Assuming  that  the  inducer  inlet  absolute  velocity  is  axial,  the  amount  of  slip  had 
to  be  estimated  to  determine  impeller -blade-tip  speed.  Primarily,  slip  varies 
with  the  number  of  blades  (i.  e. ,  wide  spacing  of  blade  tips  produces  more  slip 
than  when  the  blades  are  close  together).  The  effect  is  also  illustrated  in  Figure 
13.  To  reach  the  required  work  input,  impeller-blade-tip  speed  would  have  to  be 
about  2000  fps. 
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Euler  Work  Relation. 


Figure  13. 
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The  following  expression  of  overall  size  and  speed  relationships  applies  to  each 
point  along  the  blade: 


U 


*  DN 
720 


(5) 


where: 

U  =  blade  speed  at  any  selected  point,  fps 
D  =  diameter  at  selected  point  on  blade,  in. 

N  =  rotor  speed,  rpm 

NOTE:  The  constant  value  of  720  is  used  to  convert  blade  speed  from  in.  / 
min  to  fps.  If  impeller-blade-tip  speed  is  known,  rotor  speed  (N)  and  tip 
diameter  (D)  are  related  —  either  parameter  will  define  the  other. 

To  determine  rotor  speed,  inlet  conditions  at  the  inducer  must  be  established,  as 
shown  in  the  inlet  velocity  diagram  (Figure  14). 

The  initial  analytical  calculations  involve  the  vectors  shown  in  this  diagram.  In 
practice,  limits  imposed  on  the  inlet  relative  velocity  and  Mach  number  (M)  at 
the  inducer  tip  indirectly  establish  the  required  rotor  speed.  In  this  study,  maxi¬ 
mum  Mach  numbers  ranged  from  0.  bO  to  1.  40.  A  second  influence  on  rotor  speed 
is  inducer-inlet  hub-to-tip-diameter  ratio.  Industry  experience  indicated  that  this 
ratio  should  range  from  0.  40  to  0.  70  to  maintain  good  performance,  stress,  and 
vibration  characteristics.  For  each  design,  blade  diameters  were  selected  for 
flow  continuity  and  axial  inlet  velocity.  By  using  the  rotor-speed  relations  of 
Figure  14,  the  inducer-geometry  shown  in  Figure  15,  the  rotor  size  and  speed 
can  be  determined  from 


W 

a 


PsAlV 


(6) 


where 


(?) 
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Figure  14.  Inducer-Inlet  Velocity  Diagram. 


© 


Figure  15.  Inducer  Geometry. 
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By  definition: 


Symbols  used  in  Figure  15  and  the  above  equations  are: 

W  -  airflow  rate,  lb/sec 
a 

P  =  air  density  based  on  static  conditions,  lb/ft** 
s 

3 

P  =  air  density  based  on  total  conditions,  lb/ft 

l 

2 

=  inducer-inlet  free  area,  in. 

=  absolute  air  velocity  at  inducer  inlet,  fps 

V  =  relative  air  velocity  at  inducer  inlet,  fps 
z 

0  =  inlet  blockage  factor  (dimensionless  ratio:  area  blocked  by 

blades  and  flow  irregularities  to  free  area  just  ahead  of  inducer) 

k  =  dimensionless  ratio:  specific  heat  at  constant  pressure 
to  specific  heat  at  constant  volume 

=  absolute  inlet  Mach  number 
M2  =  relative  inlet  Mach  number 

D  =  inducer-tip  diameter,  in. 

I 

D,  =  inducer-hub  diameter,  in. 

h 

a  =  acoustic  velocity,  fps 

Combining  the  relations  given  in  Equations  6  through  9  yields: 
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If  the  L  oil  inlet  conditions  are  known,  P t  is  a  constant,  and  k  is  assumed  to  be 
1.40.  3y  eliminating  these  terms,  the  related  parameters  become  inducer-tip 
diameter,  blockage,  hub-to-tip -diameter  ratio,  absolute  velocity,  relative  Mach 
number,  and  relative  velocity.  The  relationship  between  and  V2  defines 
inducer-tip  speed  (Figure  14)  and,  hence,  rotor  speed. 

Before  geometric  and  performance  trends  could  be  plotted  in  this  parametric 
analysis,  inlet  blockage  and  impeller  slip  (the  number  of  blades)  had  to  be  known. 
For  consistency,  the  number  of  blades  was  determined  ty  setting  a  0. 20-inch 
spacing  at  the  inducer  hub.  Also  for  consistency,  the  blade  height  (passage-area 
height)  at  the  impeller  tip  was  0. 20  inch.  All  other  rotor  parameters  are  deter¬ 
mined  by  selecting  hub-to-tip-diameter  ratios  and  relative  Mach  numbers.  The 
results  of  this  parametric  analysis  are  given  in  Figure  16.  The  plot  of  impeller 
efficiency  is  based  on  the  pressure  recovery  study  discussed  in  Section  2. 1  of 
this  report. 

While  these  analyses  represent  the  parametric  trends  for  radial -flow  impellers, 
additional  comparisons  were  necessary  for  mixed-flow  impellers.  Prior  studies 
indicated  a  consistent  1  to  2  efficiency-point  advantage  for  the  mixed-flow 
impeller  over  the  radial-flow  impeller,  and  this  information  was  extrapolated  for 
overall  compressor  efficiency  (see  Figure  17). 

hi  reviewing  the  study  results,  the  range  of  geometries  best  suited  for  research 
had  to  be  determined.  For  example,  to  achieve  small  size  and  light  weight, 
inducer-inlet  relative  Mach  numbers  should  range  from  0, 95  to  1.  2.  In  this 
range,  impeller-blade -tip  diameter  would  be  between  6  and  8  inches  for  inducer 
hub-to-tip-diameter  ratios  ranging  from  0. 40  to  0.  65.  The  resulting  rotor  speeds 
were  between  57, 000  rpm  for  the  larger  impellers  and  74,  000  rpm  for  the  smaller 
impellers.  The  parameters  in  Figure  16  indicate  only  impeller  performance. 

To  achieve  the  overall  target  value  of  10:1  compressor  pressure  ratio  at  80- 
percent  efficiency,  the  impeller  total -to-total  pressure  ratio  should  range  from 
12.5:1  to  13.5:1. 
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Figure  17.  Comparison  of  Extrapolated  Performance  for 
Mixed-  and  Radial-Flow  Impellers. 


2.2.2  DESIGN  METHOD 

Four  basic  impeller  designs  were  selected  from  the  data  generated  in  the 
parametric  studies.  For  each  design,  a  detailed  internal-flow  analysis  was  con¬ 
ducted.  First,  the  inlet  and  exit  velocities  (vector  diagrams)  were  constructed 
fron  the  parametric  study  data.  The  inducer-inlet  absolute  Mach  number  (M^) 
was  assumed  constant  from  hub  to  tip,  because  each  configuration  was  designed 
without  prewhirl.  In  addition,  the  blades  were  designed  with  only  radial  elements. 
The  final  designs  were  influenced  by  the  following  considerations. 

Met  Blockage — The  inlet  blockage  factor  (0  )‘is: 
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total  annulus  area  -  (blade  area  +  boundary-layer  area) 
total  annulus  area 


(11) 


Blockage  was  determined  fcy  the  number  of  blades  and  their  thickness  distribution 
from  hub  to  tip.  For  the  designs  being  evaluated,  blockage  from  boundary-layer 
thickness  was  assumed  to  be  0.  02.  Overall  blockage  factors  calculated  from  the 
above  equation  ranged  from  0. 90  to  0. 96,  depending  on  inducer  geometry.  In 
addition,  blockage  at  the  station  of  minimum  area,  just  inside  the  bUde  row, 
determined  the  passage  area  and  blade  height  for  a  given  diameter  ratio.  Vector 
diagrams  similar  to  those  of  Section  2. 2. 1  were  then  constructed  and  used  to  set 
the  incidence  angle  at  this  station  for  the  mean  camber  line.  This  incidence 
angle  ranged  from  0  to  1  degree. 

One-Dimensional  Analysis — With  the  vector  diagrams  established,  a  1-dimen- 
sional  analysis  was  conducted  to  determine  airflow  continuity  through  the  impeller 
passage  and  to  solve  for  blade-thickness  blockage  along  the  airflow  path  from  the 
impeller  inlet  to  exit.  Blade  turning,  airflow-area  schedule,  and  diffusion  rates 
were  determined  through  an  iterative  procedure  in  which  the  diffusion  factor  (see 
Reference  1)  was  used  as  the  diffusion  limit,  which  was  set  at  0. 45  (refer  to 
criteria  discussed  in  Section  1.  0,  Introduction,  of  this  report).  The  equation 
was: 


DF  = 


(12) 


This  equation  was  used  to  calculate  the  diffusion  factor  at  succec  Ive  stations 
along  the  blade.  The  solidity  (  cr )  and  change  in  the  tangential  component  of  the 
relative  velocity  ( A  V^)  were  determined  from  changes  in  airflow  conditions  at 
each  succeeding  blade  station,  with  the  inlet  station  being  used  as  the  fixed 
reference  point.  Having  approximated  the  impeller  shape  in  the  1 -dimensional 
analysis,  flow  equilibrium  now  had  to  be  established. 

Flow  Equilibrium  Analysis — Radial  equilibrium  %vas  established  for  airflow 
conditions  through  the  impeller.  In  addit.on,  at  each  station  along  the  impeller 
airflow  path,  velocities  on  the  blade  and  at  midpassage  were  determined.  Points 
at  which  rapid  acceleration  or  deceleration  occurred  were  identified,  and  pas- 
sage-area  geometry  was  adjusted.  Because  this  work  required  numerous,  time- 
consuming  velocity  calculations,  a  5-streamtube  computer  program  was  de¬ 
veloped. 
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The  method  of  analyzing  radial  equilibrium  was  derived  from  Reference  2,  and 
the  complete  computer  program  is  presented  in  Appendix  L  A  brief  description 
of  its  use  is  given  below  and  in  Table  IL 


TABLE  H 


IMPELLER  RADIAL-EQUILIBRIUM  COMPUTER  PROGRAM 


Knowns  (Required  for  Analysis) 

Assumptions  (Required  for  Analysis) 

Hub  and  Tip  Radius  Schedule 

Nonviscous,  Compressible  Fluid  Flow* 

Blade  Blockage  Schedule 

Uniform  Velocity,  Blade  to  Blade 

Number  of  Blades 

Relative  Flow  Angle  Same  as  Blade  Angle 

Thickness  of  Blades 

Steady-Flow  Process 

Blade  Turning  Schedule 

Equal  Mass  Flow  per  Streamtube 

Rotor  Speed 

Total-Pressure  Recovery 

Station  Locations 

Overall  Pressure  and  Temperature 

Rise,  Using  Inlet  Station  as  Fixed 

Reference  Point 

♦Thermodynamic  properties  of  air  were  derived  from  the  gas  tables  of 
Reference  3. 


From  these  knowns  and  assumptions  required  for  analysis  of  impeller  radial 
equilibrium  (see  Table  13),  the  5-streamtube  computer  program  can  be  used  to 
calculate  the  forces  acting  on  air  particles  in  the  streamline.  These  forces  — 
Force  I  is  a  tangential  component  of  blade-surface  force  normal  to  the  meridional 
streamline;  Force  2  is  the  centrifugal  force  from  the  curvilinear  path;  Force  3  is 
the  centrifugal  force  from  rotation  around  the  impeller  axis  —  form  an  analytical 
equation  that  is  used  to  set  the  forces  equal  to  pressure  changes  in  the  impeller 
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hub-to-shroud  direction.  After  combining  this  force  equation  with  the  general 
energy  equation,  the  known  airflow  continuity  is  then  used  in  determining  the 
streamline  velocity  distribution,  which  also  depends  on  impeller  geometry. 

First-assumption  inputs  to  the  computer  program  are  the  estimated  streamlines 
and  impeller-hub  velocity.  Impeller  hub-to-tip  velocity  distribution  is  now  cal¬ 
culated  by  integrating  the  known  parameters.  However,  if  the  above  assumptions 
do  not  satisfy  radial  equilibrium,  the  streamlines  have  to  be  adjusted  and  re¬ 
plotted,  and  the  above  calculations  have  to  be  repeated,  with  new  velocity  and 
density  values  being  used.  These  values  and  plots  are  used:  (1)  to  estimate  the 
new  streamlines,  (2)  to  determine  the  average  blade -tc-blade  velocities  (relative 
velocity),  and  (3)  to  determine  the  mean  static-pressure  rise. 

Finally,  having  approximated  the  desired  results  through  recalculation  and 
analysis,  these  new  data  are  plotted  to  show  radial -equilibrium  conditions  at  each 
station  along  the  impeller  airflow  path.  These  recalculated  computer  output  data 
include  the  desired  streamlines,  velocity  distributions,  pressure  profiles,  and 
other  data  required  for  geometric  analysis  of  impeller  radial  equilibrium. 

Blade-to-Blade  Velocity  Analysis  —  In  all  impellers,  pressure  losses  are  associ¬ 
ated  with  flow  separation  along  the  blade  surfaces.  Boundary-layer  growth  in  the 
presence  of  decelerating  velocities  will  cause  separation  and  large  mixing  losses. 
Also,  acceleration  to  supersonic  velocities  causes  local  shock  losses.  To  predict 
either  condition,  velocity  distribution  on  the  impeller  blades  had  to  be  deter¬ 
mined.  A  rapid  approximation  method  was  developed  by  Stanitz  and  Prian  (see 
Reference  4)  for  both  compressible  and  incompressible  2-dimensional  flow  be¬ 
tween  blades.  The  method  is  adaptable  to  radial  or  mixed-flow  impellers  with 
arbitrary  passage  and  blade  shapes;  the  method  was  subsequently  incorporated  in 
the  5-streamtube  computer  program  described  in  Appendix  I  of  this  report.  By 
solving  the  continuity  equations,  this  method  can  be  used  to  determine  average 
relative  velocities  and  flow  angles  between  blades  along  the  streamlines.  The 
average  relative  velocity  between  blades  was  then  equated  to  one -half  the  sum  of 
the  suction  and  pressure  surface  velocities.  The  suction  (or  trailing)  surface 
velocity  depends  on  the  rate  of  change  in  vector  quantities  at  each  station  on  the 
streamlines  with  respect  to  the  meridional  distance  from  the  inlet  station.  In 
using  this  method,  it  was  assumed  that  the  air  particles  were  guided  until  slip 
occurred.  The  location  and  value  of  slip  were  checked  by  the  method  shown  in 
Reference  5;  for  each  impeller,  slip  began  at  the  point  where  tangential  blade 
turning  was  completed. 

Average  slip  was  determined  from  Reference  5.  The  procedure  for  determining 
average  relative  velocities  is  iterative  because  rapid  decelerations  and  accelera¬ 
tions  are  corrected  by  adjusting  blade  profiles  and  passage  contours  and  by  re¬ 
peating  the  analyses  of  References  2  and  3  until  the  desired  velocity  distributions 
are  obtained. 
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The  design  analysis  methods  described  in  Appendix  I  of  this  report  were  used  to 
establish  the  4  impeller  configurations  for  mechanical  design  analysis. 

2.2.3  SELECTED  DESIGNS 


To  define  the  aerodynamic  configurations  of  the  4  impellers,  parametric  studies 
were  conducted  to  establish  rotor  sizes  and  speeds  and  to  estimate  performance 
requirements.  In  addition,  a  design  method,  which  included  analyses  of  the  1- 
dimensional  flow  path,  radial  equilibrium,  and  blade-surface  velocities,  was 
established.  The  techniques  used  in  these  analyses  are  described  in  Sections 
2. 2. 1  and  2. 2. 2  of  this  report.  From  these  studies,  the  designs  were  selected 
for  investigating  inlet  hub-to-tip-diameter  ratio,  inducer-tip  relative  Mach  num¬ 
ber,  solidity,  blade  shape,  and  impeller  type  to  establish  criteria  for  high- 
pressure-ratio  impellers.  The  principal  objective  was  to  define  a  design  method 
that  was  supported  by  improved  performance  predictions. 

The  4  research  impellers  are  listed  in  Table  m,  which  also  shows  their  signifi¬ 
cant  design  parameters.  Each  impeller  was  given  a  design  designation  for 
reference:  the  first  mixed-flow  impeller  was  designated  MF-1;  the. second, 

MF-2;  and  the  third,  MF-3.  The  radial-flow  impeller  was  called  RF-1,  These 
designations  will  be  used  throughout  this  report  to  identify  the  specific  impeller 
being  discussed. 

The  impellers  were  designed  with  leading  edges  that  approximated  the  double 
circular  arc  blade  profiles  commonly  used  in  axial  compressors.  This  selection 
was  made  because  axial  compressors  with  similar  profiles  have  operated  success¬ 
fully  in  the  range  of  relative  inlet  Mach  numbers  chosen  for  the  4  impellers.  The 
more  conventional  inducer  blade  profiles  used  in  previous  inducer  designs  are 
compared  with  the  double  circular  arc  profiles  in  Figure  18. 


Figure  18.  Comparison  of  Inducer  Leading-Edge  Blade  Shapes. 
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MF-1  Impeller  Design 

This  impeller  was  designed  to  have  the  lowest  relative  inlet  Mach  number  (0. 95) 
of  the  4  configurations.  It  was  also  sized  at  the  lower  inlet  hub-to-tip-diameter 
ratio  (0. 40)  to  be  investigated,  and  the  inlet  axial  Mach  number  was  0. 50.  The 
velocity  diagrams  for  these  conditions  are  shown  in  Figure  19;  they  represent 
design  conditions  at  mean  points  for  the  tip,  RMS,  and  hub  streamtubes.  The 
relation  between  airflow  continuity  and  the  vector  diagram  (see  Equations  6 
through  9  and  Figure  15  of  Section  2. 2. 1)  was  used  to  determine  inducer-tip 
diameter  (3. 50  inches)  and  rotor  speed  (57,  000  rpm).  Inducer  aerodynamic  load¬ 
ing  was  determined  from  diffusion  factor  criteria  —  the  values  used  for  MF-1  are 
compared  to  a  previous  impeller  design  in  Figure  20.  The  lower  aerodynamic 
loading  of  MF-1  was  chosen  to  avoid  early  flow  separation.  Impeller-exit  velocity 
diagrams  are  given  in  Figure  21,  and  the  meridional  shape  of  the  blade  passage 
area  is  shown  in  Figure  22.  Both  illustrations  were  derived  by  using  the  pro¬ 
cedures  outlined  in  Appendix  I,  which  includes  the  computer  program  for  estab¬ 
lishing  radial  equilibrium  and  for  determining  blade -surface  velocities.  The 
rearward  lean  of  the  mixed-flow  passage  was  set  at  30  degrees  (Figure  22). 
Flow-passage  area,  blockage,  blade  height,  and  turning  schedules  developed  in 
the  computer  calculations  arc  shown  in  Figure  23.  Static-pressure  gradients 
through  the  blade  passage  area  were  determined  from  the  radial-equilibrium 
analysis.  These  gradients,  plotted  in  Figure  24,  were  used  to  estimate  static- 
pressure  rise  along  the  shroud  (see  Figure  25).  During  the  evaluation  portions 
of  this  program,  data  will  be  recorded  for  comparing  these  predictions  with  test 
results.  These  comparisons  will  provide  a  check  against  the  mathematical 
models  used  to  prepare  the  computer  program.  Regions  in  which  test  values  fall 
below  the  predicted  line  will  indicate  where  flow  separation  has  occurred.  This 
information  will  be  used  in  correcting  design  techniques  and  in  modifying  the  test 
impellers.  The  predicted  average  and  blade -surface  velocities  are  shown  in 
Figure  26  for  the  hub,  RMS,  and  tip  streamtubes.  Calculated  variations  in 
absolute  and  relative  flow  angles,  static  and  total  pressures,  and  total  tempera¬ 
ture  across  the  tip  section  of  the  impeller  are  presented  in  Figure  27.  These 
values  v/ill  also  be  checked  by  measurement  in  the  impeller  test  rig. 

Having  established  the  impeller  design-point  geometry,  the  computer  program 
was  used  to  determine  static -pres  sure  rise  along  the  shroud  and  blade-to-blade 
velocities  at  part-spe^d  conditions.  The  points  chosen  were  at  90-,  80-,  and 
60-percent  design  speed;  the  calculated  data  are  plotted  in  Figures  28  through  31. 

MF-2  Impeller  Design 

This  impeller  was  designed  for  a  higher  relative  inlet  Mach  number  at  the  tip 
(1. 23)  and  for  a  larger  inlet  hub-to-tip-diameter  ratio  (0.  50)  than  MF-1.  Because 
the  design  was  intended  for  U3e  in  investigating  high  speed  and  small  size  (dis¬ 
cussed  in  Section  2. 2. 1),  the  absolute  inlet  Mach  number  was  increased  to  0. 60. 
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Figure  19.  Inlet  Velocity  Diagrams  for  MF-1  Impeller  Design. 
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Figure  20.  Diffusion  factor  for  MF-1  Impeller. 


With  these  values,  an  inlet  dockage  factor  of  0. 90,  and  the  continuity  equations, 
the  inducer-tip  diameter  was  established  as  3.  60  inches  and  the  rotor  speed  was 
determined  as  73,  000  rpm.  The  resultant  inlet  velocity  diagrams  are  shown  in 
Figure  32.  As  with  the  MF-1  impeller,  the  MF-2  was  analyzed  by  using  the 
computer  techniques  of  Appendix  L  Diffusion  factors  used  in  the  RMS  calcula¬ 
tions  are  compared  to  an  earlier  high-performance  compressor  tested  by  the 
contractor (80 -percent  efficiency  at  a  pressure  ratio  of  5.  5:1)  in  Figure  33.  Dif¬ 
fusion  rates  at  the  RMS  diameter  are  about  the  same. 

'The  impeller-tip  velocity  diagrams  are  presented  in  Figure  34.  Using  the  speed- 
size  relationship,  the  tip  diameter  of  this  mixed-flow  design  was  calculated  to  be 
about  6. 3  inches.  Because  this  diameter  was  smaller  than  that  of  MF-1  (8.  0 
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Tip  Streamtube 


Dimensions  (inches) 
Velocities  (fps) 

Rotor  Speed  57,000  rpm 
V  in  direction  of 
'  streamline  at  tip. 


Figure  21.  Exit  Velocity  Diagrams  for  MF-1  Impeller. 
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Figure  22.  Meridional  View  of  MF-1  Impeller. 


inches),  blade-tip  height  was  enlarged  to  0. 25  inch  to  maintain  airflow  continuity. 
The  overall  meridional  view  of  the  blade  passage  area  is  shown  in  Figure  35; 
rearward  lean  of  the  mixed-flow  passage  at  the  tip  was  the  same  as  in  MF-1 
(30  degrees).  Flow  area,  blockage,  blade  height,  and  turning  schedules  are 
illustrated  in  Figure  36.  The  results  of  the  radial -equilibrium  analysis  (see 
Appendix  I)  are  shown  in  Figures  37  through  44  for  the  same  parameters  used 
in  evaluating  MF-1. 


CONFIDENTIAL 


&&&&*** 


Blockage  Factor 


CONFIDENTIAL 


Meridional  Distance  (in.) 


Figure  23.  Impeller  Design  Parameters  for  MF-1;  Design  Speed, 
57,  000  rpm. 
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Figure  24.  Static -Pres sure  Distribution  Across  Passage, 

MF-1  Impeller;  Design  Speed,  57,000  rpm. 
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Figure  25.  Predicted  Static-Pressure  Rise  Along  MF-1  Impeller  Shroud; 
Design  Speed,  57,000  rpm. 


MF-3  Impeller  Design 

This  impeller  was  sized  between  MF-1  and  MF-2  for  an  assessment  of  geometric 
parameters.  Accordingly,  an  inducer-tip  relative  Mach  number  of  1. 13  was 
selected;  the  inlet  hub-to-tip-diameter  ratio  was  0. 50,  and  the  absolute  axial 
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Figure  26.  Blade-Surface  Velocities  of  MF-1  Impeller;  Design 
Speed,  57, 000  rpm. 
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Meridional  Distance  Along  Mean  Streamline  (in.) 

Figure  30.  Blade-Surface  Velocities  of  MF-1  Impeller;  80-Percent 
Design  Speed,  45,600  rpm. 
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Figure  31.  Blade-Surface  Velocities  of  MF-1  Impeller;  60- Percent 
Design  Speed,  34,  200  rpm. 
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Figure  32.  Inlet  Velocity  Diagrams  for  MF-2  Impeller  Design. 
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Meridional  Path  Length  for  Mean  Streamline  (in.) 


Figure  33.  Diffusion  Factor  for  MF-2  Impeller. 


Mach  number  was  0. 60.  The  resultant  inlet  velocity  diagrams  are  depicted  in 

Figure  45.  Using  the  radial -equilibrium  techniques  presented  in  Appendix  I,  this 

impeller  was  analyzed  in  accordance  with  procedures  consistent  with  those  used 

to  evaluate  the  MF-1  and  MF-2.  Diffusion  rates  at  the  RMS  diameter  are  given  ♦ 

in  Figure  46.  From  these  parameters,  inducer  diameter  (3. 60  inches)  and  rotor 

speed  (65, 000  rpm)  were  determined. 

The  impeller-tip  velocity  diagrams  are  given  in  Figure  47.  From  the  speed-size 
relationship,  the  average  tip  diameter  of  the  MF-3  was  determined  to  be  7. 09 
inches,  which  is  about  halfway  between  the  MF-1  and  MF-2  diameters.  At  the 
tip,  blade  height  was  0. 20  inch;  the  overall  meridional  view  is  shown  in  Figure  48. 

As  in  the  MF-1  and  MF-2  impellers,  the  rearward  lean  of  the  blade  passage  area 
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Figure  34.  Exit  Velocity  Diagrams  for  MF-2  Impeller. 
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Figure  35.  Meridional  View  of  MF-2  Impeller. 


was  set  at  30  degrees  from  radial.  Flow  area,  blockage,  blade  height,  and 
turning  schedules  are  presented  in  Figure  49.  Plotted  results  of  the  radial- 
equilibrium  and  surface -velocity  analyses  are  given  in  Figures  50  through  57. 

RF-1  Impeller  Design 

la  comparing  mixed-  and  radial -flow  configurations,  the  RF-1  impeller  was  de¬ 
signed  to  the  same  overall  size  and  speed  conditions  as  MF-1.  However,  the 
inlet  hub-to-tip-diameter  ratio  was  increased  to  0. 60,  and  the  inducer-tip  rela¬ 
tive  Mach  number  was  1.  09.  These  parameters  are  compared  to  those  of  the 
other  3  impellers  in  Table  ffl.  The  increased  diameter  ratio  and  Mach  number 
were  chosen  to  investigate  their  influence  on  inducer  performance.  The  RF-1 
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Figure  39.  Blade-Surface  Velocities  of  MF-2  Impeller; 
Design  Speed,  73,000  rpm. 
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Figure  40.  Exit  Flow  Conditions  for  MF-2  Impeller 
Design  Speed,  73,000  rpm. 
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Figure  42.  Blade-Surface  Velocities  of  MF-2  Impeller; 

90- Percent  Design  Speed,  65,700  rpm. 
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Figure  43.  Blade-Surface  Velocities  of  MF-2  Impeller; 

80-Percent  Design  Speed,  58,400  rpm. 
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Figure  44.  Blade-Surface  Velocities  of  MF-2  Impeller; 

60-Percent  Design  Speed,  43,800  rpm. 
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Figure  45.  Inlet  Velocity  Diagrams  for  MF-3  Impeller  Design. 
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Meridional  Path  Length  for  Mean  Streamline  (in.) 


Figure  46.  Diffusion  Factor  for  MF-3  Impeller. 


absolute  axial  Mach  number  was  0. 60,  compared  to  0.  50  used  in  the  MF-1  design. 
The  resultant  inlet  velocity  diagrams  are  shown  in  Figure  58.  To  be  consistent 
with  the  parameters  used  in  designing  the  MF-1,  MF-2,  and  MF-3,  the  RF-1 
diffusion  factor  was  compared  with  the  values  from  a  previous  design  done  by  the 
contractor  (see  Figure  59).  The  methods  described  in  Appendix  I  of  this  report 
were  used  to  analyze  the  radial -flow  design,  jhducer-tip  diameter  was  calculated 
as  3. 9  inches,  and  rotor  speed  was  57, 000  rpm,  the  same  as  that  of  MF-1. 

Impeller-tip  velocity  diagrams  are  shown  in  Figure  60.  From  previously  estab¬ 
lished  size  and  speed  parameters,  the  HF-1  tip  diameter  was  determined  to  be 
8. 08  inches,  about  the  same  as  that  of  MF-1.  At  the  tip,  blade  height  was 
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Figure  47.  Exit  Velocity  Diagrams  for  MF-3  Impeller. 
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Figure  48.  Meridional  View  of  MF-3  Impeller. 

maintained  at  0. 20  inch,  the  same  as  MF-1.  The  overall  meridional  view  of  the 
impeller  is  shown  in  Figure  61.  Because  of  strength  requirements,  it  was  essen¬ 
tial  that  some  rearward  lean  be  incorporated  in  the  disk  shape.  This  lean  is 
common  to  all  high-tip-speed  impellers  and  must  be  incorporated  to  alleviate 
centrifugal  blade  load  and  disk  tangential  stress.  For  the  RF-1  impeller  design, 
this  rearward  lean  was  17.  5  degrees  from  radial.  Flow  area,  blockage,  blade 
height,  and  turning  schedules  are  depicted  in  Figure  62.  Figures  63  through  70 
show  the  results  of  the  radial -equilibrium  and  blade-surface  velocity  calculations 
made  by  using  the  methods  of  Appendix  L 


75 


CONFIDENTIAL 


CONFIDENTIAL 


f 

T 


Meridional  Distance  (in.) 


* 


♦ 


Figure  49.  Impeller  Design  Parameters  for  MF-3; 
Design  Speed,  65, 000  rpm. 
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Figure  50.  Static -Pres sure  Distribution  Across  Passage,MF-3 

Impeller;  Design  Speed,  65,000  rpm. 

77 


CONFIDENTIAL 


CONFIDENTIAL 


Distance  Along  Shroud  (in.) 


Figure  51. 


Predicted  Static-Pressure  Rise  Along  MF-3 
Impeller  Shroud;  Design  Speed,  65,000  rpm. 
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Figure  52.  Blade-Surface  Velocities  of  MF-3  Impeller; 
Design  Speed,  65t000  rpm. 
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Figure  53.  Exit  Flow  Conditions  for  MF-3  Impeller; 
Design  Speed,  65, 000  rp:n. 
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Figure  54. 


Predicted  Static-Pressure  Ri,3e  Along  MF-3  Impeller  Shroud. 
Part  Speed. 
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Figure  55.  Blade-Surface  Velocities  of  MF-3  Impeller; 

90-Pcrcent  Design  Speed,  58,  500  rpm. 
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Figure  56.  Blade-Surface  Velocities  of  MF-3  Impeller; 

80-Percent  Design  Speed,  52, 000  rpm. 
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Figure  57.  Blade-Surface  Velocities  of  MF-3  Impeller; 

60-Percent  Design  Speed,  39,000  rpm. 
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Figure  58.  Inlet  Vector  Diagrams  for  RF-1  Impeller  Design. 
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Figure  59.  Diffusion  Factor  for  RF-1  Impeller. 


Impeller  Similarities 

The  stress  anuyses  of  the  4  impellers  are  presented  in  Appendix  II  of  this  report. 
In  addition,  mechanical- design  considerations  and  design  solutions  for  the  re¬ 
quired  test  rigs  are  discussed  in  Section  2.  4. 1.  To  present  a  general  comparison 
of  impeller  design  parameters,  Figures  71  through  75  are  photographs  of  the  4 
impellers  discussed  in  this  section  and  throughout  the  remainder  of  this  report. 
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Figure  60.  Exit  Velocity  Diagrams  for  RF-1  Impeller. 
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Figure  61.  Meridional  View  of  RF-1  Impeller. 
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Predicted  Static-Pressure  Rise  Along  RF-1  Impeller  Shroud; 
Design  Speed,  57,000  rpm. 
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Figure  66.  Blade-Surface  Velocities  of  RF-1  Impeller; 
Design  Speed,  57,000  rpm. 

92 


CONFIDENTIAL 


80%  Design  Speed, 
45, 600  rpm 


(SJMH  2A)/(1BOOrT 


CONFIDENTIAL 


Figure  68.  Blade-Surface  Velocities  of  RF-1  Impeller; 

90-Percent  Design  Speed,  51,300  rpm. 
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Figure  70.  Blade-Surface  Velocities  of  RF-1  Impeller; 

60-Percent  Design  Speed,  34,200  rpm. 
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Figure  73.  MF-3  Impeller. 
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Figure  75.  Comparison  of  Research  Impellers. 
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2.3  DIFFUSER  DESIGN 

During  studies  conducted  before  the  Army  centrifugal-compressor  research 
program,  impeller-exit  (diffuser- entrance)  Mach  numbers  up  to  1.3  were  inves¬ 
tigated,  with  vane-island  channels  being  used.  These  vanes  were  characterized 
by  a  wedge-shaped  leading  edge  followed  by  a  concave  suction  surface  that  guides 
the  air  into  a  subsonic  channel  diffuser.  Figure  76  is  a  photograph  of  several 
earlier  channel  diffusers.  Occasionally,  a  second  diffuser  stage  was  attached  to 
each  channel  to  recover  additional  static  pressure. 


Figure  76.  Cont  .otor*s  Other  Channel  Difuusers. 
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Because  the  Mach  1.3  entrance-flow  condition  might  degrade  diffuser  perform¬ 
ance,  shock-system  development  was  studied.  Revisions  to  previous  design 
techniques  were  expected  to  be  required.  To  initiate  these  studies,  shadowgraphs 
were  taken  during  a  research  program  for  investigating  the  flow  path  from  the 
impeller  tip  through  the  throat  of  a  vane- island  diffuser.  This  work  is  discussed 
by  Stahler  in  Reference  6.  Figure  11  (shown  in  Section  2. 1. 2  of  this  report)  is  a 
typical  shadowgraph  from  that  research  program.  Both  a  bow  shock  and  a  lambda 
shock  on  the  vane  leading  edge  are  visible.  Although  this  program  showed  that  a 
shock  system  existed,  the  mechanics  of  flow  through  the  diffuser  had  not  been  well 
defined.  It  was  believed  that  diffuser  performance  would  be  Improved  by  a  better 
understanding  of  the  flow  process. 

To  achieve  these  higher  pressure  ratios,  the  plan  for  the  Army  diffuser  design 
development  was  to  study  vane- island  types,  first,  and  to  use  current  design 
techniques.  In  addition,  the  suitability  of  cascade  vanes  for  this  application  was 
investigated.  Sever?1  vane-island  diffusers  were  designed  and  tested  to  provide 
comparative  data  and  information  for  selecting  the  diameter  ratio  and  throat  Mach 
number  for  best  overall  performance.  Other  objectives  were  to  establish  criteria 
for  selecting  the  number  of  vanes  and  to  evaluate  a  variable-airflow  concept  in 
which  the  channel  throat  areas  were  adjusted  by  moving  the  vanes  in  a  radial 
plane.  At  the  completion  of  the  basic  tests  and  analyses,  it  was  planned  that  a 
final  set  of  diffusers  be  designed  to  reach  the  program  performance  target  by 
applying  knowledge  from  the  first  test  series. 

2.3.1  PARAMETBiC  ANALYSIS  AND  WATER-TABLE  STUDIES 


The  parametric  study  of  the  diffusers  was  made  in  conjunction  with  the  impeller 
parametric  study  (i.e. ,  impeller  performance  predictions  were  used  to  determine 
recovery  requirements  for  the  diffusers).  As  described  in  Section  2. 2  of  this 
report,  an  impeller  pressure  ratio  of  about  13:1  was  required  to  achieve  an 
overall  compressor  pressure  ratio  of  10:1.  The  required  diffuser  performance 
was  calculated  as  total-pressure  recovery  for  each  impeller  point  studied.  The 
required  recovery  was  based  on  a  diffuser  discharge  Mach  number  of  about  0. 10, 
so  that: 


m  ,  ,  Total  pressure  in  collector  (at  M  *  0. 10) 

Total-pressure  recovery  =  -  -  , - — - t: — n - 

Total  pressure  at  impeller  tip 


(13) 


Figure  77  shows  the  required  diffuser  total-pressure  recovery  for  the  impellers 
under  consideration.  This  figure  shows  that  the  highest  recovery  is  necessary 
with  the  smallest  impeller.  The  previously  demonstrated  performance  level  of 
the  contractor's  diffusers  is  also  given  in  Figure  77,  which  shows  the  improve¬ 
ment  necessary  to  meet  the  overall  compressor  performance  goals.  To  provide 
new  information,  it  was  planned  that  the  research  include  a  complete  mapping  of 
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the  critical  flow  field  between  the  impeller  tip  and  the  diverging  section  of  the 
channel  by  pressure  surveys,  schlieren  studies,  and  water-table  analogies. 


Figure  77.  Required  Diffuser  Recovery  (Impeller  Tip  to  Collector). 


Preliminary  Studies 

To  predict  pressure  losses  in  diffuser  channels,  1-dimensional  parametric 
studies  were  based  on  the  work  reported  by  Patterson  (Reference  7)  and  Henry 
(Reference  8),  The  Patterson  report  discusses  the  losses  attributed  to  various 
diffusion  rates,  and  the  report  by  Henry  describes  duct  pressure-loss  character¬ 
istics.  Studies  of  channel  inlet  Mach  numbers  of  from  0,50  to  0,90  were 
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conducted.  The  results  for  an  entrance  Mach  number  of  0.80  are  presented  in 
Figure  78.  Mach  0. 80  was  selected  for  study  because  it  represented  the  highest 
value  for  which  consistent  data  was  available.  This  figure  shows  the  relationship 
between  area  ratio  and  total-pressure  recovery  for  several  channel  divergence 
angles.  It  was  assumed  in  the  analysis  that  no  separation  occurred  in  the  channel 
and  that  flow  distribution  across  the  channel  was  uniform.  The  total-pressure 
recovery  shown  in  Figure  78  includes  a  sudden  dump  loss  at  the  diffuser  exit, 
obtained  by  assuming  that  one-half  of  the  remaining  uynamie  pressure  head  is  lost. 
This  assumption  has  been  used  in  previous  diffuser  designs  and  is  considered  to  be 
common  practice  for  low  Mach  numbers. 

Water-Table  Studies  of  Vane- Island  Configurations 

Detailed  investigation  of  flow  phenomena  in  diffusers  was  essential  in  achieving 
the  high-pressure,  high- efficiency,  centrifugal-compressor  research  objectives. 
The  preliminary  investigation  of  flow  in  both  vane-island  and  cascade-diffuser 
configurations  was  accomplished  through  water-table  visualization.  The  water- 
table  analogies  provided  an  inexpensive  and  rapid  method  of  conducting  prelimi¬ 
nary  design  surveys  of  diffusers;  the  analogies  were  expected  to  show  the  configu¬ 
rations  that  warranted  further  evaluation  in  the  compressor  test  rigs.  However, 
because  this  method  of  evaluating  diffusers  for  high-pressure-ratio  centrifugal 
compressors  was  new  and  was  attempted  before  the  compressor  rig  tests,  specific 
conclusions  about  diffuser  flow  characteristics  could  not  be  established.  There¬ 
fore,  some  of  the  following  discussion  presents  only  observations. 

The  water  table  is  an  apparatus  designed  to  simulate  two-dimensional  diffuser  flow 
conditions.  Water-table  analysis  is  based  on  hydraulic  analogy  of  Mach  number  to 
Froude  number  and  on  gas  density  to  water  depth.  Mach  number  (M)  is  the  ratio 
of  gas  velocity  to  the  local  speed  of  sound,  and  Froude  number  (F)  is  the  ratio  of 
water-flow  rate  to  the  speed  of  wave  propagation.  Water-flow  conditions  analogous 
to  subsonic  gas  and  supersonic  gas  flow  are  termed  subcritic al  and  supercritical 
flow.  A  flow  discontinuity  occurs  in  water  at  F  =  1. 0  which  is  analogous  to  a 
shock  wave  in  a  gas  and  is  termed  a  hydraulic  jump.  For  compressible  gases, 
density  can  vary  along  a  streamline  as  a  function  of  velocity;  for  an  incompressible 
liquid, the  analogous  condition  is  a  variation  in  depth  as  a  function  of  flow  rate. 

As  discussed  by  Shapiro  in  Reference  9,  the  hydraulic  analogy  is  theoretically 
correct  for  a  gas  with  a  specific  heat  ratio  of  2.  However,  a  good  approximation 
between  water  flow  and  gas  flow  can  be  obtained  for  a  gas  specific  heat  ratio  of 
1.4,  if  the  hydraulic  analogy  is  restricted  to  Mach  number  and  density.  Laitone 
(Reference  10)  indicated  that  the  hydraulic  analogy  was  valid  for  simulating  sub¬ 
sonic  and  supersonic  gas  flow  to  approximately  Mach  1.5.  Above  Mach  1.5  the 
energy  loss  across  the  shock  (or  hydraulic  jump)  degrades  the  validity  of  the 
analogy. 
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Figure  78. 
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Figure  79  is  a  sketch  of  the  water  table,  and  Figure  80  is  a  photograph  of  the 
table  with  a  set  of  diffuser  vanes  installed.  Water  is  pumped  from  the  reservoir 
through  a  set  of  straightening  tubes  and  flows  radially  outward  from  the  center  of 
the  table  across  the  glass  tabletop.  The  plate  shown  in  Figure  79  directs  water 
flow  in  the  radial  direction  and  acts  as  a  valve  to  regulate  water  height  and  water 
velocity  entering  the  table.  The  flow  rate  can  also  be  varied  with  a  bypass  valve, 
which  controls  pump  pressure.  The  outside  diameter  of  the  glass  tabletop  has  an 
adjustable  weir  to  simulate  back  pressure  on  the  table.  Rotating  screens  are 
used  to  transmit  a  uniform  tangential  component  to  the  radial  flow  over  the  full 
depth.  The  screen  drive  is  equipped  with  a  variable-speed  motor  for  adjusting 
the  tangential  velocity,  as  desired  to  simulate  impeller  speed.  The  tangential 
flow  screen  is  shown  in  Figure  80.  A  camera  was  used  to  record  shadowgraphs 
and  streamline  traces  from  dye  injection. 


Figure  79.  Circular  Water  Table. 
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Figure  80.  Water-Table  Facility. 
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The  water  table  was  equipped  with  a  light  source  and  frosted  glass  to  produce  the 
shadowgraph.  Dye  for  streamline  visualization  and  for  detecting  separation  was 
injected  with  hypodermic  syringes.  Figure  81  shows  the  apparatus  used  to  inject 
dye  circumferentially  at  7  points  near  the  rotating  screen.  The  rake  was  adjust¬ 
able  along  its  radius.  Changes  in  surface  height  and  flow  angle  were  measured 
with  micrometers  and  yaw  probes  mounted  on  a  traversing  arm  (see  Figure  82). 
By  adding  particles  to  the  water  surface  (aluminum  powder  demonstrated  the  best 
results),  stream-direction  and  water-surface-height  changes  could  be  observed 
and  photographed  simultaneously. 
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Specific  objectives  of  the  studies  were  to  determine: 


1)  Effect  of  vane- island  wedge  angle; 

2)  Effect  of  number  of  vane-island  channels; 

3)  Comparison  between  vane-island  and  cascade  diffusers. 

For  these  investigations,  6  different  tests  were  planned.  The  model  designations, 
configurations,  and  test  conditions  are  summarized  in  Table  IV. 


TABLE  IV 


WATER-TABLE  DIFFUSER  MODELS 


[Diffuser 

Type 

Number 

of 

Passages 

Design  Mach 
Number  at 

Vane  Leading  Edge 

Vane- Tip 
Wedge 

Angle  (degrees] 

118 

island 

8 

1.12 

12 

218 

island 

8 

1.12 

5 

2116 

island 

16 

1.12 

5 

2124 

island 

24 

1.12 

5 

4C64 

cascade 

Short  flat  plates  to  be  used  with  any  of  the  above 

5C24 

cascade 

24  1.12 

Double  circular  arc  blades  of  mean  solidity  =  2. 26 

Design  parameters  common  to  all  models: 

1)  Scale:  6.31  times  full  size; 

2)  Vane- tip  radius  ratio  =  1,08; 

3)  Angle  to  vane  tip  underside  =  75  degrees; 

4)  Equivalent  included  angle  =  7  degrees. 


Water-table  conditions  were  the  same  for  all  6  tests,  and  nominal  water  depth  of 
0. 5  inch  was  used.  This  depth  was  shallow  enough  for  vertical  accelerations  to  be 
considered  negligible.  For  all  vane-island  configurations  tested,  a  suction- sur¬ 
face  tip  angle  of  75  degrees  was  used.  Water-flow  rate  and  speed  of  the  rotating 
screen  were  adjusted  to  match  this  flow  direction.  The  models  were  scaled  about 
6. 31  times  larger  than  the  compressor  test  rig. 
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Data  on  the  4  vane-isl?nd  configurations  is  plotted  in  Figures  83  through  86.  Each 
figure  shows  separate  plots  of  (1)  Froude  number,  (2)  water  height,  and  (3)  flow 
angle. 

Configuration  118 —  To  establish  a  basis  for  comparing  the  4  vane- island  configu¬ 
rations  and  test  results,  a  detailed  analysis  of  the  flow  characteristics  of  the  first 
test  configuration,  118,  is  presented.  This  configuration  was  designed  with  a 
12-degree  vane-island-tip  wedge  angle.  The  throat  walls  were  parallel  for  1  inch 
of  the  diffuser  passage;  the  walls  then  diverged  at  an  included  passage  angle  of  7 
degrees.  This  configuration  consisted  of  eight  vane  islands.  The  impeller-tip 
Mach  number  for  the  first  test  was  1.3,  and  the  flow  angle  was  expected  to  equal 
the  suction-surface  angle  of  75  degrees.  However,  the  observed  Mach  number 
and  flow  angle  revealed  hydraulic  choking  of  the  diffuser  throat.  With  choked-flow 
conditions  (i.e.,  flow  limited),  the  resultant  of  the  radial  and  tangential  velocity 
vectors  yielded  a  flow  angle  greater  than  the  expected  75  degrees.  In  addition,  a 
nonuniform,  circumferential  flow-angle  distribution  was  observed  which  resulted 
from  the  Mach  wave  system  at  the  vane  tip  and  vane  suction  surface.  This  wave 
system  was  caused  by  the  curve-wall  (suction- surface)  constraint  on  the  super¬ 
sonic  flow  path  in  the  vaneless  and  semivaneless  space. 

This  initial  test  of  Configuration  118  illustrated  the  complexity  of  the  continuity- 
wave  system  and  the  interaction  of  flow  conditions  in  the  vaneless  and  semivane¬ 
less  spaces.  This  interaction  was  studied  further  in  the  diffuser  test  rig. 

Figure  83  shows  Froude  number  contours,  height  (density)  contours,  and  flow- 
angle  contours  for  Configuration  118.  These  curves  were  made  using  the  water- 
table  measurements  and  shadowgraph  data.  The  tip-wave  system  is  characterized 
by  a  series  of  expansion  waves  around  the  suction  side  of  the  vane  leading  edge 
that  extends  to  the  impeller  tip.  These  waves  are  related  to  the  adjustment  and 
alignment  of  flow  with  the  suction- surface  angle  of  75  degrees.  An  oblique  shock 
wave  was  observed  about  1.5  inches  from  the  leading  edge  of  the  vanes.  This 
shock  results  from  supersonic  flow  along  the  concave  suction  surface;  the  influ¬ 
ence  of  the  vaies  causes  deceleration  at  the  tip  region  to  near  sonic  velocity.  A 
second  shock  occurs  1.5  to  2  inches  further  along  the  flow  path.  This  shock  turns 
the  flow  into  the  channel  along  the  concave  suction  surface  and  produces  decelera¬ 
tion.  This  oblique  shock  pattern,  followed  by  moderate  expansion,  is  repeated  to 
the  throat;  however,  the  waves  become  progressively  weaker.  The  water-table 
visualization  does  not  indicate  whether  the  tip-expansion-wave  system  is  preceded 
by  a  weak  bow-shock  wave.  Water-depth  measurements  in  the  vaneless  space 
were  required  to  determine  if  a  bow  shock  existed,  but  instrumentation  was  not 
available  for  such  measurements. 

A  definite  shock  exists  off  the  pressure  side  of  the  throat  entrance.  This  shock 
(called  passage  shock)  does  not  extend  completely  across  the  passage,  because, 
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i  Figure  83.  Water-Table  Data  on  118  Vane-Island  Configuration. 
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b.  Water-Height  Contours. 


1.  r  radii  (inches) 

2.  a  flow  angle  referenced  to  radial  line  (degrees) 

3.  Froude  contours  (dimensionless) 

4.  Water-height  contours  (inches) 

5.  Flow-angle  contours  (degrees) 
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Figure  84.  Water-Table  Data  on  218  Vane-Island  Configuration. 
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b.  Water-Height  Contours, 


1 .  r  radii  (inches) 

2 .  a  flow  angie  referenced  to  radial  line  (degrees) 

3.  Froude  contours  (dimensionless) 

4.  Wat^r-height  contours  (inches) 

5.  Flow-angle  contours  (degrees) 


Compression  Wave 


b.  Water-Height  Contours. 


Notes: 


1.  r  radii  (inches) 

2 .  a  flow  angle  referenced  to  radial  line  (degrees) 

3.  Froude  contours  (dimensionless) 

4.  Water-height  contours  (inches) 

5.  Flow-angle  contours  (degrees) 


CONFIDENTIAL 


CONFIDENTIAL 


Notes; 


1.  r  radii  (inches) 

2.  a  flow  angle  referenced  to  radial  line  (degrees) 

3.  Froude  contours  (dimensionless) 

4.  Water-height  contours  (inches) 

5.  Flow-angle  contours  (degrees) 


2 


CONFIDENTIAL 


as  shown  in  Figure  83,  the  flow  is  subsonic  near  the  suction  contour.  Figure  83a 
shows  the  Froude  number  contours,  which  indicate  a  high  Mach  number  area 
located  about  one-third  of  the  way  across  the  passage  downstream  from  the  vane 
leading  edge. 

Further  evidence  of  nonuniform  flow  distribution  was  shown  by  the  flow-angle 
contours.  At  0  =  15  degrees,  the  contours  showed  a  nearly  linear  gradient  in 
Mach  number  across  the  semivaneless  space  —  that  part  of  the  semivaneless 
space  was  subsonic.  At  0  =  0  degree,  flow  was  subsonic  for  about  one- third  of 
the  path  length  in  the  semivaneless  space.  At  15  degrees,  the  subsonic  region 
was  reduced  to  about  one-fifth  of  the  path  length;  at  40  degrees,  the  flow  was  sub¬ 
sonic.  Circumferential  Mach  number  gradients  existed  both  upstream  and  down¬ 
stream  from  the  F  =  1. 30  area;  the  upstream  gradient  was  less  pronounced  than 
the  downstream  gradient.  Near  the  throat,  the  flow-angle  contours  tended  to  turn 
in  the  radial  direction,  with  the  high  Mach  number  contours  turning  first.  There¬ 
fore,  the  flow  at  the  throat  entered  at  Mach  0.92  to  1.05. 

The  contours  around  the  pressure  side  of  the  vane  leading  edge  are  shown  as 
dashed  lines  to  indicate  that  the  flow  accelerates  around  the  tip  and  must  then 
decelerate  to  subsonic  values  along  the  suction-surface  contour. 

Figure  83b  shows  water-height  (density)  contours  in  the  semi  vaneless  spaco.  A 
low-gas-density  area  was  noted  at  <p  *  15  degrees  and  r  =  22  inches.  This  area 
extended  about  the  same  distance  from  the  downstream  vane  leading  edge  as  the 
high  Mach  number  area,  but  was  farther  toward  the  throat  in  the  radial  direction. 
The  contours  became  more  radial  as  the  flow  approached  the  throat,  indicating 
compression.  Just  before  the  passage  shock,  the  height  was  almost  radially 
uniform  at  0.56  inch.  Estimated  contours  at  the  suction  surface  of  the  vane  lead¬ 
ing  edge  indicate  local  expansion  in  this  region. 

Figure  83c  shows  the  flow-angle  contours  measured  in  the  vaneless  space  during 
this  first  test.  The  flow  over  the  first  third  of  the  vaneless- space  inlet  arc  was 
nearly  flat;  the  87.5-degree  contour  extends  from  0  =  1  degree  to  19  degrees. 

For  this  test,  readings  were  not  taken  closer  to  the  screen  than  r  =  21  inches; 
therefore,  the  flow-angle  contours  in  the  rest  of  the  vaneless  space  and  early 
semivaneless  space  were  estimated.  The  flow  angles  along  a  streamline  near  the 
island  tip  become  steeper  (angle  decreases),  which  indicates  an  expansion  across 
the  tip-wave  system;  this  is  followed  by  a  flattening  (angle  increases)  near  the 
first  shock.  The  flow  angles  decreased  and,  subsequently,  increased  across  a 
second  expansion  region  to  the  second  oblique  shock.  Because  they  are  nearly 
uniform  from  0=1  degree  to  19  degrees,  the  Mach  waves  shown  are  weak. 

Configuration  218 —  The  second  test,  during  which  Configuration  218  was  used, 
was  rim  to  evaluate  the  effect  of  wedge  angle.  This  diffuser  was  identical  to  the 
previously  tested  Configuration  118,  except  that  the  vane-island-tip  wedge  angle 
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was  decreased  from  12  to  5  degrees.  The  throat  area  was  the  same  as  in  the 
previous  configuration,  but  because  of  the  different  wedge  angle,  the  suction- 
surface  contour  of  Configuration  218  was  more  concave  than  that  of  Configuration 
118. 

Figure  84  shows  the  observed  Mach  wave  pattern  and  the  related  Froude  number, 
water  height,  and  flow-angle  contours  (from  water-table  instrumentation  and  an 
average  of  3  photographs).  The  v/ave  pattern  shows  an  expansion  around  the  tip, 
followed  by  a  series  of  oblique  shocks,  which  indicates  additional  expansion 
regions. 

Figure  84a  indicates  Mach  number  variations  across  the  semivaneless  space. 

As  with  Configuration  118,  part  of  the  semivaneless  space  adjacent  to  the  suction 
surface  was  subsonic.  At  the  diffuser  throat,  the  central  passage  streamlines 
showed  a  slight  acceleration  ahead  of  the  passage  shock,  and  all  other  stream¬ 
lines  showed  a  deceleration  to  the  throat. 

Figure  84b  shows  the  water-height  variations,  and  the  water-flow  angles  are  shown 
in  Figure  84c.  From  0  ■  -2  degrees  to  +11  degrees,  the  water-flow  a  gles  are 
approximately  82.5  degrees.  Small  areas  where  flow  angles  increased  to  85 
degrees  were  observed  along  the  impeller  tip  at  <f>  =  0,  21,  and  26  degrees.  Flow 
angles  within  the  arc  corresponding  to  the  semivaneless  space  (0  =  0  to  28  de¬ 
grees)  are  about  77.5  degrees.  The  angles  then  flatten  because  of  the  tip  shocks, 
and  from  0  =  37  to  45  degrees,  the  angles  are  again  about  77.5  degrees.  Again, 
as  with  118,  the  circumferential  flow  distribution  was  not  uniform. 

For  a  Froude  number  of  1.30  at  the  impeller  (screen),  water  flow  approached  the 
diffuser  tip  at  77.5  degrees  (or  at  an  angle  of  2.5  degrees  to  the  suction  surface); 
it  had  to  generate  a  series  of  waves  analogous  to  Prandtl- Meyer  waves  to  expand 
around  the  pressure  side  of  blade  tip.  Similarly,  the  flow  was  at  7.5  degrees  to 
the  pressure  surface,  producing  an  oblique  shock  on  the  pressure  surface.  The 
flow  angle  and  shadowgraph  waves  shown  in  Figure  84c  were  similar  to  those 
observed  for  118. 

Figure  84c  shows  that  the  flow  angle  within  the  semivaneless  space  between 
0  =  18  and  28  degrees  becomes  steeper  as  r  increases  from  22  to  22.5  inches. 
Secondary  flows,  as  mentioned  in  Reference  10,  could  have  caused  the  flow  angle 
to  steepen  near  the  wall.  Flow  angles  in  the  vaneless  space  fluctuated  during  the 
test,  which  could  be  caused  by  the  measurements  not  being  true  time-averaged 
values. 

By  comparison,  the  subsonic  region  of  Configuration  218  was  slightly  smaller  than 
that  of  118.  Also,  the  fluid  in  the  center  of  the  passage  just  upstream  of  the  throat 
accelerated  slightly  upon  reaching  the  diffuser  throat  of  Configuration  218;  this  did 
not  occur  with  Configuration  118.  Further,  some  regions  in  118  were  lower  in 
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density  than  some  regions  in  218.  This  indicated  that  the  fluid  accelerated  to 
minimum  density  for  118,  and  then  decelerated.  However,  differences  between 
the  two  configurations  were  minor.  Water-height  changes  in  the  low-density 
regions  ( 0  =  12  and  41  degrees)  were  about  the  same  for  118  and  218. 

Two  primary  wedge-angle  effects  were  observed.  First,  the  12-degree  wedge 
angle  produced  a  wave  that  simulated  a  normal  shock  more  than  the  one  produced 
by  the  5-degree  wedge  angle.  Second,  the  tip  expansion  wave  was  stronger  for 
the  sharper,  5-degree  wedge  angle.  For  the  smaller  wedge,  the  influence  of 
geometry  on  streamline  acceleration  at  the  diffuser  was  greater  than  for  the 
larger,  12-degree  wedge  angle.  However,  the  larger  wedge  angle  had  a  more 
pronounced  effect  on  streamline  shape. 

At  the  conclusion  of  this  second  test,  it  was  believed  that  the  previous  observa¬ 
tions  would  be  verified  by  tests  in  the  diffuser  test  rig.  After  test-rig  substan¬ 
tiation  from  schlieren  pictures  and  pressure  measurements,  design  criteria 
could  be  established.  It  was  believed  that  the  larger  wedge  angle,  with  a  more 
normal  shock,  would  produce  a  uniform  velocity  profile  and  would  minimize 
downstream  Mach-wave  reflections. 

Because  both  the  5-  and  12-degree  wedge-angle  configurations  showed  certain 
advantages,  the  best  configuration  could  not  be  determined  from  water-table 
visualization.  Later  diffuser  rig  tests  were  expected  to  provide  additional  data 
for  correlating  rig  data  with  the  water-table  results. 

Configuration  2116 —  The  third  vane-island  configuration  was  tested  to  evaluate 
increases  in  the  number  of  diffuser  channels.  This  set,  Configuration  2116,  was 
a  16-channel  diffuser  with  a  tip  wedge  angle  of  5  degrees,  as  was  Configuration 
218.  Because  the  number  of  channels  was  doubled,  throat  width  was  one-half  the 
size  of  the  throats  in  Configurations  118  and  218  to  maintain  consistent  flow  con¬ 
ditions;  impeller  Froude  number  (F)  for  the  test  was  the  same  as  in  the  2  previous 
tests  (F  =  1.30). 

Figure  85  shows  Configuration  2113  information  from  water-table  data.  Figure 
85a  shows  that  the  highest  Mach-number  region  was  about  halfway  between  vane 
tips  and  was  again  1.30.  The  subsonic  region  was  estimated  as  confined  to  a  thin 
layer  adjacent  the  suction-surface  contour.  For  the  last  one-fifth  of  the  suction- 
surface  contour,  a  sizable  subsonic  region  existed  near  the  wall;  in  this  region, 
the  flow  in  the  center  of  the  passage  was  nearly  Mach  1.0.  The  diffusion  rate 
along  the  streamlines  appeared  to  be  uniform  throughout  the  passage,  except  at 
the  suction- surface  contour.  The  contours  of  Figure  85b  revealed  a  low- density 
region  that  was  closer  to  the  upstream  vane  tip  than  the  high- Mach-number  region 
in  Figure  85a.  Moreover,  the  density  increased  gradually  (almost  uniformly) 
from  the  0.510  region  to  0.570  near  the  throat.  The  flow-angle  contours  shown 
in  Figure  85a  indicated  that  for  about  one-half  the  vaneless  diffuser  inlet  arc,  the 
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flow  angles  were  steeper  than  for  218  and  ranged  from  80  to  82.5  degrses.  Flow 
angles  at  *he  inlet  to  the  semivaneless  space  ranged  from  75  to  77.5  degrees, 
with  flatter  angles  near  the  first  oblique  shock,  as  expected  from  the  previous 
water-table  tests. 

Configuration  2124 —  The  fourth  vane-island  configuration  tested  was  a  continua¬ 
tion  of  the  investigation  on  the  influence  of  the  number  of  channels.  This  configu¬ 
ration,  designated  2124,  had  the  same  wedge  angle  as  that  with  Configurations  218 
and  2116,  but  the  number  of  diffuser  channels  was  increased  to  24. 

Figure  86  shows  the  water-table  data,  as  was  shown  for  the  previous  three 
diffuser  water-table  tests.  The  wave  pattern  in  Figure  86a  shows  the  previously 
observed  expansion  around  the  vane  tip,  followed  by  2  oblique  shocks.  Shadow¬ 
graph  pictures  showed  that  the  expansion  zone  between  th^  shocks  could  have 
been  caused  by  waves  reflecting  off  the  impeller,  and  then  off  the  suction  surface. 
The  Mach  contour  map  (Figure  86a)  again  showed  that  the  highest  velocity  region 
was  at  M  =1.30,  centered  about  midway  between  the  vane  tips.  The  flow  in  the 
semi  vaneless  space  was  supersonic  (except  the  bour  Jary-layer  flow).  Flow 
decelerated  uniformly  to  the  throat  but  accelerated  again  through  the  tip-expansion 
region. 

As  expected,  the  lowest  density  region  was  at  the  vane- tip  radius  midway  between 
vanes.  Conditions  at  the  throat  were  uniform.  Streamlines  near  the  tip  deceler¬ 
ated  from  a  height  of  0.560  to  0.600  inch;  those  near  the  wall,  where  density  was 
higher,  did  not  decelerate  as  much.  However,  all  streamlines  showed  the  pre¬ 
viously  observed  acceleration  and  then  deceleration  at  the  diffuser  throat.  How¬ 
ever.  the  second  shock  in  Figure  86c  influenced  flow  angles  at  the  impeller  tip 
and  caused  them  to  flatten  (e.g. ,  the  87.5-degree  flow-angle  contour).  The  flow 
then  expanded  around  the  tip,  as  in  previous  water-table  tests.  The  contour  near 
the  semivaneless  inlet  arc  showed  a  flow  angle  of  80  degrees  and  was  nearly 
uniform  across  this  arc. 

Comparison  of  Vane- Island  Configurations  —  Of  the  4  vane-island  diffusers  tested, 
Configuration  118  had  the  flattest  overall  flow  angle.  The  flat  flow  angle  would 
result  in  the  longest  flow  path,  and,  hence,  in  the  highest  friction  loss.  The 
steepest  angle  occurred  with  Configuration  2116,  and  this  vane  set  should  show  the 
lowest  vaneless  and  semivaneless  space  losses.  Along  the  inlet  arc  to  the  semi¬ 
vaneless  space,  the  flow  angles  for  Configuration  2116  were  the  most  uniform  — 
between  75.0  and  77.5  degrees.  The  flow  angles  along  the  arc  of  r  =  21,6  inches 
were  nearly  uniform  for  Configuration  2124  but  were  flatter  than  for  Configuration 
2116  (between  77.5  and  80.0  degrees). 

Froude  number  (F)  near  the  vane  tip  was  highest  for  Configuration  2116  (F  =  1.25). 
By  comparison,  Froude  numbers  in  the  same  region  were  about  0.96  for  118,  0,96 
for  218,  and  1. 19  for  2124.  The  Froude  number  of  1. 25  occurred  in  the  region  of 
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greatest  acceleration,  and  the  0.96  value  of  118  and  218  indicated  the  effect  of  the 
first  shock.  It  was  believed  that  the  1.19  Froude  number  of  2124  was  in  a  region 
where  deceleration  had  already  begun. 

In  general,  increasing  the  number  of  diffuser  channels  improved  diffuser  flow 
characteristics.  However,  the  Froude  numbers  (F)  recorded  for  the  24-channel 
diffuser  (Configuration  2124)  indicated  supersonic  flow  downstream  of  the  throat 
shock.  Further  study  of  these  phenomena  was  planned  for  the  diffuser  test  rig. 

The  principal  vane-island  elements  investigated  were  wedge  angle  and  the  number 
of  diffuser  channels.  Increasing  the  wedge  angle  from  5  to  12  degrees  caused  the 
passage-shock  shape  to  become  nearly  normal.  Also,  the  smaller  5-degree 
wedge  angle  intensified  the  tip- expansion  shock  wave.  However,  no  conclusion 
was  reached  from  the  water-table  visualization  on  whether  large  or  small  wedge 
angles  should  be  used. 

Wave  patterns  for  all  four  diffuser  water-table  tests  were  similar  In  each  test, 
the  tip-expansion  waves  were  followed  by  2  oblique,  slightly  curved,  shock  waves. 
The  shock  waves  extended  to  near  the  impeller  tip,  within  about  0. 25  inch  of  each 
other.  Closer  to  the  vane,  the  waves  diverged  slightly,  but  never  by  more  than 
1.0  inch.  The  cause  of  this  divergence  is  believed  to  be  the  different  flow  condi¬ 
tions  along  the  vane  surface  —  even  the  cascade  sets  in  the  discussions  that  follow 
this  vane-island  evaluation  revealed  the  same  pattern.  However,  the  expansion 
was  more  pronounced  for  the  cascade  vanes,  and  the  2  shocks  were  closer  to  the 
vane  tip  than  for  Configurations  118  and  218. 

All  diffusers  tested  had  identical  suction-surface  contours  from  the  vane  tip  for 
4  to  5  inches.  This  similarity  in  shock-wave  pattern  suggested  that  this  part  of 
the  suction  surface  has  the  greatest  influence  on  the  wave  system. 

The  test  results  showed  that  the  density  contours  of  2116  and  2124  had  the  most 
uniformity  in  the  semivaneless  space.  The  8-channel  diffusers,  Configurations 
118  and  218,  showed  greater  variations  in  Mach  number  across  the  semivaneless 
space;  subsonic  and  supersonic  flows  occurred  simultaneously. 

Measurements  of  both  Froude  number  (F)  and  water  height  were  not  obtained  in 
the  vaneless  space;  however,  estimates  of  Froude  number  were  made  for  this 
region.  Theoretically,  the  density  contours  should  be  aligned  with  the  Mach-wave 
pattern,  thus  providing  a  guide  for  estimating  the  Mach  contours. 

Reflection  of  expansion  waves  off  the  impeller  tip  toward  the  suction-surface 
contour  caused  streamlines  to  bend  from  the  wave  to  a  flatter  angle.  Some  of  the 
regions  in  which  this  effect  occurred  also  experienced  increased  density. 
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In  general,  water-table  visualization  of  the  vane-island  tests  provided  a  basis  for 
correlating  the  vanes  with  the  diffuser  test  rig.  Diffuser-test-rig  data  were  re¬ 
quired  for  passage  and  semivaneless -space  densities,  reflected  expansion-wave 
effects,  throat-shock  behavior,  and  wedge-angle  effects  to  confirm  water-table 
observations. 

Water-Table  Studies  of  Cascade  Configurations 

The  objective  of  this  comparative  testing  was  to  establish  flow  characteristics  of 

the  first  stage  of  a  cascade  diffuser.  Several  rows  (4  or  5)  were  required  to  * 

achieve  the  same  diffusion  as  in  a  channel,  and  first-stage  exit  Mach  numbers 

would  be  about  0.8.  Therefore,  visual  evidence  of  flow  through  a  single  row  was 

attempted,  and  the  studies  were  then  to  be  expanded  to  multiple  stages. 

♦ 

Two  basic  cascade-vane  configurations  were  tested.  The  first  configuration  was 
a  long-chord,  single-row  cascade,  designated  5C24.  The  second  was  a  short- 
chord  cascade,  designated  4C64.  This  cascade  was  originally  designed  for  64 
values.  However,  the  number  of  vanes  was  increased  to  90  before  testing  for 
better  throat  definition. 

The  long-chord  cascade,  Configuration  5C24,  was  constructed  of  double  circular 
arc  vanes  with  a  mean  solidity  of  2.26.  The  90-vane,  short-chord  cascade  had 
flat  plates  spaced  at  4-degree  intervals.  Solidity  of  this  configuration  was  1.14. 

The  cascade-vane  testing  included  investigating: 

1)  Flow  characteristics  of  long-  versus  short-chord  cascades  related  to  first- 
stage  diffusion  of  transonic  flow; 

2)  Diffusion  rates  of  short-chord  cascades  and  long-chord  cascades. 

Cascade  Configurations  —  The  5C24  cascade  test  data  are  plotted  in  Figure  87. 

This  figure  indicates  separation  over  one-half  of  the  blade  suction  surface,  as 
observed  from  dye  traces  injected  near  the  separation  point. 

The  Mach  number  was  1. 30,  as  in  previous  water-table  testing.  A  peak  Mach  t 

number  of  1.48  was  observed  near  the  vane  tip,  which  indicates  a  strong  expan¬ 
sion  about  the  tip.  The  water-height  contours  analogous  to  density  varied  from 
0.470  to  0.600.  The  flow  realignment  from  this  separation  can  also  be  seen  in 
the  illustration.  Flow  angles  at  the  impeller  tip  are  evenly  spaced  —  from 
0  =  5  to  11  degrees,  they  are  about  85  degrees.  Elsewhere,  the  flow  enters  at 
an  angle  of  approximately  82.5  degrees.  The  wave  pattern  and  flow-angle  contour 
maps  show  the  influence  of  the  first  shock  at  the  diffuser  tip  (Figure  87a). 
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Figure  87.  Water-Table  Data  on  5C24  Cascade  Configuration. 
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b.  Water-Height  Contours. 


Notes:  1.  r radii  (inches) 

2.  a  flow  angle  referenced  to  radial  line  (degrees) 

3.  Froude  contours  (dimensionless) 

4.  Water-height  contours  (inches) 

5.  Flow-angle  contours  (degrees) 
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At  the  inlet  arc  to  the  semivansless  space,  the  flow  angle  varies  from  75  to  80 
degrees.  Just  off  the  vane  tip,  the  angle  is  75  degrees,  which  indicates  the 
influence  of  the  vanes  in  turniiig  the  flow  to  the  required  direction  at  the  throat. 

Tests  of  the  5C24  cascade  configuration  showed  that  flow  separated  from  the 
vanes  and  that  they  were  overloaded.  It  was  believed  that  the  long  chord  of  5C24 
caused  boundary- layer  buildup  and  that  the  long  flow  path  through  the  vanes 
retired  a  lighter  loading.  Therefore,  the  second  test  was  a  short-chord  cascade 
(4064).  The  cascade  had  90  vanes  composed  of  short,  flat  plates.  Figure  88 
shows  a  sketch  of  this  cascade  arrangement  and  a  cross-sectional  sketch  of  a 
vane.  Solidity  was  1. 16  based  on  the  pitch  at  the  vane  leading  edge.  The  water- 
table-data  curves  similar  to  Figure  83  were  not  prepared  for  Configuration  4C64. 
The  close  spacing  of  the  vanes  made  this  type  of  data  presentation  impractical. 
Instead,  shadowgraphs  are  included  throughout  the  4C64  test-series  discussion 
to  show  the  water-table  flow  characteristics. 


Figure  88.  90-Vane  Cascade. 
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Figure  89  shows  a  water-table  shadowgraph  of  flow  through  the  cascade.  A  dis¬ 
tinct  normal  shock  was  seen  at  the  vane  throat,  and  no  separation  from  the  vane 
surfaces  was  detected.  The  average  entrance  Mach  number  was  approximately 
1.3  and  the  exit  Mach  number  was  about  0. 8.  This  test  demonstrated  that  a  short- 
vane  cascade  would  restrict  the  shock  to  the  leading  edge  and  that  subconic  flow 
could  be  established  downstream.  It  was  then  necessary  to  study  ways  of  diffusing 
the  flow  from  the  Mach  0. 8  of  the  first  stage. 

To  diffuse  the  Mach  0.8  flow,  a  second-stage  cascade,  the  original  5C24,  was 
added  to  4C64.  The  combination  of  Configurations  4C64  and  5C24  as  first  and 
second  stages  showed  promising  results.  Figure  90  shows  an  ink  trace  of  the 
model;  separation  could  be  detected  in  either  stage.  The  simulated  Mach  number 
was  approximately  1.3  at  the  first-stage  entrance  and  0.8  at  the  exit.  The  simu¬ 
lated  Mach  number  at  the  second-stage  throat  was  about  0.5. 

A  comparison  of  the  polar  lines  and  the  vane  positions  in  Figure  91  shows  that  the 
airflow  approaches  radial  in  the  2  cascade  stages.  To  obtain  a  moi  e  radial  flow 
at  the  diffuser  outlet,  and  thus  more  diffusion,  the  5C24  vanes  were  cut  at  mid¬ 
chord  and  the  trailing  halves  were  installed  with  the  camber  reversed  to  form  a 
third- stage  cascade.  The  pitch  of  the  second  and  third  stages  was  reduced  to 
maintain  the  solidity  of  these  stages  with  the  reduced  chord  length.  With  this  3- 
stage  cascade,  the  flow  was  turned  to  within  32  degrees  of  radial  in  the  vane 
passages.  Figure  91  shows  no  separation,  and  Figure  92  is  a  shadowgraph  of  the 
cascade  showing  that,  following  a  shock  upstream  of  the  first  stage,  the  flow 
within  the  cascade  is  subsonic . 

Comparison  of  Cascade  Configurations — From  these  tests,  it  was  concluded  that 
a  single  row  of  cascade  vanes  could  effectively  diffuse  the  supersonic  flow 
(M  1.3)  through  a  single  shock.  In  addition,  multiple,  short-chord  cascades 
minimized  the  tendency  of  flow  to  separate,  as  occurred  in  the  long-chord  cas¬ 
cades. 

From  the  results  of  the  water-table  tests,  a  short-chord  cascade  was  designed  for 
the  diffuser  rig  tests,  instead  of  the  long-chord  cascade  as  originally  planned. 

The  vanes  had  zero  camber,  with  a  solidity  of  1. 17  on  the  leading-edge  pitch. 
Figure  93  is  a  photograph  of  the  diffuser-test-rig  cascade.  It  was  planned  that 
only  the  first  blade  row  be  tested  to  confirm  water-table  data;  the  results  are 
presented  in  Sections  6.0  and  7.0  of  this  centrifugal-compressor  report. 

2.3.2  DESIGN  METHOD 

The  diffuser  designs  were  based  on  methods  used  in  previous  centrifugal-compres¬ 
sor  research  programs.  From  the  parametric  analyses  and  water-table  studies, 
conditions  were  predicted  at  the  impeller  outlet  and  the  region  of  the  diffuser 
vanes.  In  addition,  basic  information  on  subsonic  diffusers  was  available. 
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Water-Table  Shadowgraph,  Single-Stage  Cascade. 
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Figure  90.  Water-Table  Ink  Trace,  Two-Stage  Cascade. 
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Figure  91.  Water-Table  Ink  Trace,  Three-Stage  Cascade. 


Geometric  relations  and  their  influence  on  pressure  recovery  were  reviewed,  and 
parameters  requiring  further  research  were  identified  for  diffuser  design  and 
test.  The  factors  considered  and  the  layout  methods  used  are  given  in  the  dis¬ 
cussion  that  follows. 

Design  Considerations  for  Vane-Island  Configurations 
For  detailed  analysis,  the  diffuser  was  divided  into  2  parts: 

1)  The  vaneless  space,  which  included  the  region  from  the  impeller  tip  to  the 
channel  throat; 

2)  The  channel,  which  included  the  path  from  the  throat  to  the  collector. 
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Water-Table  Shadowgraph,  Three-Stage  Cascade 
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Figure  93.  Cascade  Diffuser. 
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Vaneless  Space  —  Methods  described  in  Reference  1  for  the  vaneless  space  of  a 
radial-inflow  turbine  were  used.  It  was  assumed  that  conditions  at  the  impeller 
tip  were  symmetrical  and  that  instantaneous  mixing  occurred  at  the  vaneless 
diffuser  inlet.  With  this  simplification  of  the  wake-mixing  process,  the  fluid  was 
considered  to  be  controlled  only  by  the  diffusion  rate  and  the  wall  boundary  layer. 
Therefore,  the  flow  was  assumed  to  be  1-diinensional,  and  the  pressure  loss  was 
accounted  for  by  introducing  side-wall  friction.  Hence, for  the  cases  studied,  the 
average  compressible  flow  conditions  at  the  vaneless  diffuser  inlet  were  used. 

The  equations  of  motion  (energy,  continuity,  and  momentum  equations)  for  a  con¬ 
trol  volume  bounded  by  the  diffuser  side  walls  were  combined  with  the  equation  of 
state  and  the  semi-empirical  relation  for  friction  coefficient  (given  in  equation 
14)  to  provide  a  solution  of  the  flow  field. 


-0.20 


J  =  0.0296  (Re) 


(1 


k-1  ,2 
—  M  ) 


-0.45 


(14) 


This  solution  gave  the  desired  information  on  velocity,  friction  loss,  and  direc¬ 
tion  of  flow  at  any  point  in  the  vaneless  space.  So  that  the  method  would  have 
wide  applicability,  the  numerical  solutions  were  programmed  in  FORTRAN  IT 
language  for  data  processing  systems.  The  complete  description  of  its  use  for 
a  turbine  vaneless  space  is  presented  in  Reference  11,  under  the  title  Program 
VLS,  Vaneless  Space. 

The  analysis  of  vaneless- space  losses  showed  that,  under  the  influence  of  fric¬ 
tion,  the  absolute  flow  angle  continuously  required  adjustment  toward  the  tangen¬ 
tial  direction  to  satisfy  the  above  vortex  and  the  continuity  relations.  Inlet 
vectors  used  in  the  analysis  are  defined  in  Figure  94. 

Dynamic-head  loss  caused  by  side-wall  friction  is  dependent  on  the  path  length 
to  the  throat  (primarily  wetted  surface  area)  and  the  local  velocity.  The  effect  of 
the  loss  can  be  expressed  in  terms  of  total-pressure  recovery  by  the  following 
relation: 


Total  pressure  (local) 

Vaneless-space  recovery  =  zr~~, - - TT^ — „  “  ' 

J  Total  pressure  at  impeller  tip 


(15) 


138 


CONFIDENTIAL 


CONFIDENTIAL 


u 


Figure  94.  Vectors  at  Entrance  to  Vaneless  Space. 


The  shortest  flow  path  results  when  the  absolute  velocity  is  more  nearly  radial. 

A  short  flow  path  also  results  if  the  diffuser  vane  tips  are  located  close  to  the 
impeller  at  a  small  vaneless-space-diameter  ra~io  (diameter  at  vane  leading  edge 
to  diameter  at  impeller  tip).  However,  as  shown  by  Stanitz  (Reference  12), 

Brown  (Reference  13),  and  Faulders  (Reference  14),  consideration  must  be  given 
to  other  aerodynamic  parameters. 

As  a  first  step  in  analyzing  the  vaneless  space,  the  VLS  program  was  used  to 
plot  Figure  95,  showing  the  relation  of  total-pressure  recovery  to  vaneless- 
space-diameter  ratio,  Mach  number,  and  flow  angle.  The  illustration  indicates 
that  loss  can  be  minimized  (highest  recovery  achieved)  by  designing  for  a  steep- 
impeller-discharge  angle  and  a  small-diameter  ratio.  But,  for  these  param¬ 
eters,  Mach  number  at  the  vane  leading  edge  will  be  highest.  Likewise,  the  re¬ 
sulting  shock  system  would  be  strongest  at  the  small-diameter  ratio;  its  influence 
on  boundary- layer  growth  can  be  expected  to  cause  other  losses  that  are  unac¬ 
counted  for  in  Figure  95.  For  example,  because  the  flow  mixes  as  it  leaves  the 
impeller,  a  small-diameter  ratio  should  be  avoided.  The  work  of  Johnston  and 
Dean  (Reference  15)  suggests  the  diameter  ratio  at  which  the  mixing  would  be 
completed,  and  normal  practice  at  pressure  ratios  lower  than  6:1  has  been  to 
maintain  the  ratio  greater  than  1.  05  to  avoid  the  unsteady-flow  region.  In  addi¬ 
tion,  flow  in  the  vaneless  space  is  influenced  by  the  number  and  location  of  the 
vanes.  This  effect  was  noted  visually  during  the  water-table  tests  described 
earlier.  Because  it  was  not  possible  to  define  the  flow  in  detail  in  this  region, 
the  assumption  was  made  that  circumferential  distribution  at  the  vane  leading 

139 


CONFIDENTIAL 


Total-Pressure  Kecovery 


CONFIDENTIAL 


Average  Flow  Angle  at  Impeller  Tip  (Degrees) 


Figure  95.  Variation  in  Total-Pressure  Recovery,  Inlet  Flow  Angle, 
and  Diameter  Ratio  for  Vaneless  Space. 
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edge  was  uniform.  While  this  assumption  formed  the  basis  for  the  design  of  the 
vanes,  it  was  planned  that  later  pressure  sur  veys  and  schlieren  studies  from  test 
rigs  would  be  used  to  formulate  theories  on  the  flow  patterns. 

Channel 

A  1-dimensional  parametric  study  was  conducted  for  the  channel  portion  of  the 
diffuser.  The  channel  inlet  Mach  numbers  used  in  the  analysis  were  in  the  range 
of  0.50  to  0. 90.  Data  on  losses  were  derived  from  the  work  reported  by  Patter¬ 
son  (Reference  7),  Henry  (Reference  8),  and  Henry  and  Wood  (Reference  16).  These 
references  provided  basic  information  relative  to  area  ratio  and  rate  of  diffusion. 
For  analysis,  dump  loss  at  the  channel  exit  was  estimated  as  half  of  the  remaining 
discharge  dynamic  head,  as  discussed  in  the  previous  section  of  this  report.  The 
results  of  the  study  at  a  channel  inlet  Mach  number  of  0. 80  were  given  in  Figure  78. 
These  data  represent  conditions  that  do  not  account  for  local  flow  effects  around  the 
vane  leading  edges.  The  shock  system  and  its  influence  on  pressure  distribution 
also  were  not  considered  in  this  initial  assessment  of  performance. 

It  was  evident  that  initial  predictions  would  have  to  be  modified  on  the  basis  of 
new  test  data  to  be  generated  in  this  research  program.  Therefore,  to  determine 
the  trade  in  parameters,  it  was  planned  that  the  test  components  include  diffusers 
designed  for  2  different  diameter  ratios.  To  evaluate  a  short  flow  path  and 
strong  shock,  a  diameter  ratio  of  1. 06  was  selected.  Possible  flow  unsteadiness 
in  this  region  was  also  of  interest.  For  study  of  a  longer  flow  path  with  a  weaker 
shock,  a  diameter  ratio  of  1. 10  was  chosen. 

In  addition,  diffuser  recovery  at  throat  Mach  numbers  in  the  region  of  0. 80  re¬ 
quired  further  study.  Work  reported  by  Friedlich  (Reference  17)  indicated  that 
for  maximum  recovery,  a  throat  Mach  number  above  0. 80  should  be  avoided. 
Channel  performance  above  this  critical-throat  Mach  number  was  believed  to  fall 
off  rapidly.  However,  additional  tests  conducted  by  the  contractor  prior  to 
awarding  of  the  Army  contract  showed  that  Mach  numbers  as  high  as  0. 90  could 
be  used  at  the  throat.  To  investigate  the  critical  conditions,  Mach  numbers  of 
0.75  and  0. 90  were  selected  for  the  diffuser  throats. 

For  further  study  of  friction  losses,  both  8-  and  16-vane  channels  were  planned 
for  test  at  the  1. 06  tip-diameter  ratio.  It  was  also  expected  that  the  influence  of 
the  number  of  vanes  on  flow  distribution  in  the  vaneless  space  would  be  deter¬ 
mined.  Equally  important  was  the  effect  of  number  of  channels  on  flow  range  and 
surge.  It  was  believed  that  the  expansion  regions  observed  at  the  vane  tips  on 
the  water  table  (and  earlier  shadowgraphs)  were  related  to  flow  range  and  the 
surge  phenomena. 
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Design  Considerations  for  Cascade  Configurations 

The  vaneless-space  analysis  for  the  cascade  diffusers  was  the  same  as  that  used 
for  the  vane-island  diffusers,  With  wetted  surface  area  being  used  as  a  criterion 
for  comparison  with  the  vane-island  configurations,  it  was  evident  that  because 
of  the  larger  number  of  vanes  in  the  first  row  (several  times  the  vane- is  lands), 
the  cascade  had  potential  for  minimizing  the  flow  path  to  the  throat.  Therefore, 
lower  friction  losses  in  the  vaneless  and  semivaneless  spaces  were  expected  for 
the  cascade.  In  additicn,  the  larger  number  of  vanes  was  expected  to  produce  a 
more  uniform  flow  distribution  ahead  of  the  vanes. 

For  a  multistage  cascade,  it  was  expected  that  flow  downstream  of  the  first- 
stage  throat  would  behave  like  that  over  a  wing  with  slotted  flaps  (i.  e. ,  at  the 
wing-to-flap  hinge  line,  flow  through  the  slot  energizes  the  cambered-surface 
boundary  layer  and  thus  delays  separation).  Relating  this  effect  to  the  cascades 
showed  that  boundary-layer  growth  could  be  expected  to  be  significantly  i*ss  than 
with  a  vane-island.  Further,  it  was  expected  that  a  higher  diffusion  rate  through 
cascades  could  be  used.  It  was  recognized  that  trailing-edge  wakes  would  occur 
and  that  for  best  performance,  they  had  to  be  minimized.  However,  some  com¬ 
pensation  for  these  unavoidable  wakes  was  expected  from  their  effects  on  side- 
wall  boundary  layer.  Acting  as  vortex  generators  to  energize  the  side-wall 
boundary  layer,  these  wakes  had  potential  for  inhibiting  separation. 

Estimated  pressure  losses  through  a  2-stage,  cascade-type  diffuser  are  given 
in  Figure  96.  The  losses  for  the  blade  rows  were  estimated  from  axial  com¬ 
pressor  stator  information  reported  by  NASA  in  Reference  1.  A  similar  plot  for 
a  2-stage  channel  diffuser  is  presented  in  Figure  97.  Based  on  the  results  from 
the  water-table  tests,  a  single-row  cascade  was  planned  for  compressor  rig 
tests  for  basic  comparison  with  the  vane-islands.  The  selected  diameter  ratio 
was  1. 10. 

Layout  Method  for  Vane-Island  Diffusers 

Geometric  parameters  necessary  for  the  layout  of  vane  islands  were: 

1)  Number  of  vanes,  Nv; 

2)  Vaneless-space-diameter  ratio,  D/D; 

3)  Vane  wedge  angle,  P  ; 

4)  Area  ratio,  A2/A1; 

5)  Divergence  angle,  2  6 ; 
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Figure  96.  Estimated  Pressure  Recovery  Through  a  Two-Stage 
Cascade  Diffuser. 

143 


CONFIDENTIAL 


Total-Pressure  Recovery 


CONFIDENTIAL 

Radius  Ratio  =  1. 05 


Diffuser  Entrance  Mach  No. 

Figure  97.  Breakdown  of  the  Pressure  Recovery  Through  a  Two-Stage 
Vane-Island-Type  Diffuser. 
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6)  Throat  length,  1; 

7)  Passage  depth,  b. 

Flow  conditions  at  the  vane  leading  edges  were  predicted  from  the  vaneless  space 
(VLs>)  computer  program.  The  essential  aerodynamic  parameters  were  Mach 
number,  flow  angle,  and  total  and  static  pressure  and  temperature.  From  this 
information,  the  suction  surface  at  the  vane  leading  edge  was  set  at  zero  inci¬ 
dence  for  the  design  airflow  rate,  as  illustrated  in  Figure  98. 


Figure  98.  Alignment  of  Vane  Leading  Edge. 

The  throat  height  was  determined  from  continuity  using  the  predicted- state  con¬ 
ditions  as  follows: 


where: 

Tt  =  total  temperature  of  air  at  the  throat 

PT  =  total  pressure  of  air  at  the  throat 

A /A*  -  ratio  of  area  required  for  the  design  Mach  number  to  area 

required  for  Mach  1.0 
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b  =  passage  depth 

^  =  aerodynamic  blockage  factor  at  the  throat 

K  -  constant 

N  =  number  of  diffuser  vanes 

v 

Blockage  at  the  throat  was  estimated  from  boundary-layer  displacement-thickness 
calculations  over  a  flat  plate,  based  on  the  following  relation: 


<5* 


(17) 


where: 

=  absolute  velocity  at  the  impeller  tip 
=  Kinematic  viscosity  in  the  vaneless  space 
=:  path  length  from  the  impeller  tip  to  the  throat  midpoint 

=  factor  derived  from  Schlichting  (Reference  18). 

The  same  conditions  at  the  impeller  tip  were  used  for  each  diffuser.  To  estab¬ 
lish  a  basis  for  later  evaluation  of  the  designs,  it  was  planned  that  a  single 
impeller  be  used  in  all  diffuser  tests.  Accordingly,  a  fifth  impeller  (different 
from  MF-1,  MF-2,  MF-3,  and  RF-1)  was  designed  for  the  diffuser  test  rig.  A 
description  of  this  design  is  presented  under  Workhorse  Impeller  in  Section  2. 3. 3.  ♦ 

The  geometric  construction  of  the  vanes  is  illustrated  in  Figure  99. 

The  geometric  construction  of  the  vane-island  diffuser  layout  is  as  follows:  « 

1)  Determine  the  angle  of  a  vane-island  sector  from  the  equation 


V4 

V 

X 

0.37x 

8 


a 


s 


360° _ . 

number  of  channels  ’ 


(18) 


146 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


2)  Draw  2  circular  arcs  about  point  0  with  an  included  angle  a  s  corresponding 
to  the  impeller-tip  radius  and  the  vane-island  leading-edge  radius; 

3)  Draw  the  flow  incidence  line  CD  and  AD'  at  the  angle  of  incidence,  a  4, 
from  lines  OC  and  OA; 

4)  Draw  the  line  CE  with  length  (throat  length)  such  that  angle  DCE  corre¬ 
sponds  to  the  wedge  angle.  0  ; 

5)  From  point  E,  draw  the  line  EG  such  that  angle  HEG  corresponds  to  the  * 

diffuser  divergence  angle,  Q  ; 

jrhe  construction  of  the  pressure  surface  CEH  has  now  been  completed  J 

6)  Construct  a  line  BC  perpendicular  to  CE  at  C  with  length  h  (h  corresponding 
to  throat  height)  ; 

7)  Calculate  the  equation  of  a  log  spiral  curve  through  the  angle  AOC  from 
the  equation 


m  £ 

r  =  ae 


(19) 


where: 

a 

=  the  vane-island  radius 

m 

=  cot  e . 

4 

* 

=  variable  angle  through  AOC; 

8)  Adjust  the  log  spiral  curve  to  pass  through  points  A  and  B  and  to  be  tangent 
to  line  AD' ; 

j'.'his  line  AB  transferred  to  point  C  defines  the  suction  surface  of  the  vane,  j 
Layout  Method  for  Cascade  Diffusers 

Geometric  parameters  necessary  for  layout  of  cascades  were: 

1)  Number  of  vanes,  Ny; 

2)  Vaneless-space-diameter  ratio,  D/D; 
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3)  Leading-edge  thickness; 

4)  Chord  length,  c; 

5)  Passage  depth,  b; 

6)  Vane  airfoil  configuration. 

Flow  conditions  at  the  cascade  vane  leading  edges  were  predicted  from  the  vane- 
less-space  (VLS)  computer  program  by  the  same  method  as  for  the  vane-island 
case  previously  discussed. 

The  geometric  layout  for  the  cascade  was  relatively  simple.  Once  the  geometric 
parameters  were  fixed,  the  cascade  airfoils  were  drawn  with  their  suction  sur¬ 
face  at  zero  incidence  to  the  flow  at  the  vane  leading  edge. 

2.3.3  SELECTED  DESIGNS 


Three  different  vane-island  diffuser  configurations  and  one  cascade  configuration 
were  designed  for  the  program.  These  4  diffusers  were  designated  as  follows: 
the  vane-island,  DI-1  (Diff  ^ser-Island  Set  No.  1),  DI-2,  DI-3,  and  the  cascade 
DC-1. 


DI-1 

The  design  parameters  selected  for  the  DI-1  diffuser  elements  are  listed  in 
Table  V.  This  design,  which  was  similar  to  previous  Boeing  designs,  is  shown 
in  Figure  100.  The  figure  shows  that  the  channel  was  designed  with  all  the  10- 
degree  divergence  on  the  pressure  surface.  This  type  design  was  selected  be¬ 
cause  it  was  believed  that  the  boundary  layer  on  the  suction  surface  would  be 
quite  large  because  of  the  long  wall  length  from  the  vane  leading  edge. 

The  vanes  were  designed  to  be  rotated,  varying  the  throat  area  from  125  percent 
to  25  percent  of  the  design  value.  The  provision  to  install  the  vane  at  a  1. 10 
radius  ratio  at  approximately  the  design  throat  area  was  also  included  in  this 
design.  The  various  settings  for  these  diffuser  elements  are  listed  in  Table  VI 
along  with  the  vane  angle  at  each  setting. 

DI-2 

The  DI-2  geometry  was  similar  to  the  DI-1  except  for  the  throat  Mach  number. 
This  design  was  tested  to  investigate  the  effect  of  throat  Mach  number  on  per¬ 
formance.  The  design  parameters  for  the  DI-2  diffuser  elements  are  listed  in 
Table  V,  and  the  configuration  is  shown  in  Figure  101.  This  design,  like  DI-1, 
had  the  capability  of  a  variable  throat  area  and  two  radius  ratios. 
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TABLE  V 

DESIGN  PARAMETERS  FOR  VANE-ISLAND  DIFFUSERS 


DI-1 

DI-2 

DI-3 

Number  of  Vanes 

8 

8 

16 

Throat  Mach  Number 

0.90 

0.75 

0.75 

Throat  Height  (in.) 

0.559 

0.589 

0.295 

Wedge  Angle 

7° 

9° 

9° 

Channel  Divergence  Angle 

10° 

10° 

10° 

Area  Ratio 

2.76 

2.63 

4.70 

Throat  Length  (in.) 

0.500 

0.500 

0.250 

Passage  Depth  (in. ) 

0.250 

0.250 

0.250 

Blockage 

0.88 

0.88 

0.88 

Tip  Radius  (in. ) 

0.01 

0.01 

0.01 

DI-3 

The  third  set  of  diffuser  vane  elements  (DI-3)  was  designed  with  16  vanes  and  a 
throat  Mach  number  of  0. 75.  This  configuration  was  provided  as  a  means  of 
investigating  a  diffuser  with  better  flow  control  and  a  shorter  flow  path  length. 
The  design  parameters  selected  for  this  configuration  are  listed  in  Table  V. 

This  design  is  shown  in  Figure  102. 

DC-1 

The  cascade  diffuser  set,  DC-1,  was  based  on  the  results  of  water-table  testing. 
Design  parameters  for  the  DC-1  configuration  are  given  in  Table  VII.  This 
diffuser  design  is  shown  in  Figure  103.  Only  the  first-stage  cascade  was  tested 
to  evaluate  the  cascade  concept. 
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Figure  102.  DI-3  Diffuser  Vane  <1.  06  Radius  Ratio,  Design  Throat  Area). 
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Figure  103.  DC-1  Diffuser  (1.  10  Radius  Ratio,  Design  Throat  Area). 
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TABLE  VI 


DIFFUSER  VARIABLE  GEOMETRY 


1 - 

Radius 

Ratio 

Throat 

Height 

(inch) 

Throat  Area 
(%  of  Design 
Value) 

Vane 

Angle 

( or  4  degrees) 

1 

DI-1 

1.06 

0.559 

100 

82.25 

1.10 

0.581 

104 

84.60 

1.06 

0.698 

125 

80.10 

1.06 

0.418 

75 

84.40 

1.06 

0.279 

50 

86.60 

DI-2 

1.06 

0.589 

100 

82.25 

1.10 

0.613 

104 

84.50 

1.06 

0.736 

125 

80.10 

1.06 

0.442 

75 

84.40 

1.06 

0.295 

50 

86.60 

Workhorse  Impeller 

To  expedite  design,  fabrication,  and  test  of  the  diffuser  test  section,  an  existing 
Boeing  impeller  was  modified  for  use  in  the  test  rig.  It  was  made  from  titanium 
to  permit  operation  at  tip  speeds  and  flow  conditions  consistent  with  the  pre¬ 
viously  discussed  MF-1,  MF-2,  MF-3,  and  RF-1  impellers.  Design  tip  speed 
was  2000  *fps  at  an  airflow  of  about  2.4  pounds  per  second.  The  inlet  axial  Mach 
number  was  about  0.76  with  an  inducer  hub-to-tip-diameter  ratio  of  0.63.  The  block¬ 
age  used  was  0.847,  based  on  previous  testing  of  the  same  size  inducers.  Relative 
inlet  Mach  number  was  about  1. 15  and  the  design  rotor  speed  was  50,  000  rpm. 
Significant  design  parameters  are  given  in  Table  VIII. 

The  inlet  and  exit  vector  diagrams  are  shown  in  Figure  104,  and  a  meridional 
view  of  the  impeller  is  given  in  Figure  105.  A  sketch  of  the  contemplated  test 
rig  arrangement  is  presented  in  Figure  106. 
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Figure  105.  Meridional  View  of  Workhorse  Impeller. 


2.4  MECHANICAL  DESIGN 


This  section  discusses  the  mechanical  design  and  requirements  of  the  impellers, 
diffusers,  and  test  rigs  required  for  aerodynamic  evaluation  of  those  components. 
Four  impeller  configurations  were  identified  for  testing;  3  mixed-flow  impellers 
(MF-1,  MF-2,  and  MF-3),  and  1  radial-flow  impeller  (RF-1).  It  was  planned 
that  1  test  rig  be  designed  to  accommodate  the  4  impellers.  Diffuser  configura¬ 
tions  selected  were  three  vane- island  types  and  one  cascade  type.  Two  of  the 
vane-island  configurations  were  8-channel  (DI-1  and  DI-2);  the  other,  16  channel 
(DI-3).  The  cascade  (DC-1)  was  a  short-chord,  single- row  design.  It  was 
planned  that  tests  of  these  diffusers  would  be  conducted  on  a  separate  rig,  with 
the  use  of  another  high-pressure-ratio  impeller  and  interchangeable  diffuser 
sections. 
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Figure  10G.  Diffuser  Test  Rig. 
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2.4.1  IMPELLERS 


Figures  107  through  110  show  design  information  relative  to  overall  impeller 
sizes,  blade  configurations,  impeller  hub  and  tip  radii,  blade  profile,  turning 
schedule,  and  axial  length.  The  mechanical  design  objectives  and  studies  are 
presented  in  this  section  of  the  report,  since  they  are  related  to  the  above  param¬ 
eters.  The  design  rpm  was  dictated  by  the  required  blade-tip  velocity  of 
2000  feet  per  second.  However,  the  impellers  were  designed  to  a  1 0-percent 
overspeed,  which  was  the  basic  objective  for  all  components  related  to  the  rotor 
system.  Consistent  with  these  objectives,  the  impeller  blndes  had  to  be  checked 
in  terms  of  thickness  and  hub-to-tip  thickness  ratio  to  maintain  low  blockage  and 
allowable  stress  levels.  In  addition,  the  natural  frequency  spectrum  of  the  blades 
had  to  be  investigated  throughout  the  operating  range.  The  blade-to-shroud 
clearance  goal  was  0.02  inch  to  avoid  mechanical  rubs  and  to  minimize  flow 
leakage  between  the  blade  tips  and  shroud.  The  disk  was  required  to  withstand 
the  s cresses  resulting  from  the  centrifugal  and  aerodynamic  loading  of  the  blades 
as  well  as  the  centrifugal  forces  of  the  disk  itself. 

Allowable  stress  levels  were  based  on  minimum  material  properties,  which 
accounted  for  temperatures  and  vibration  levels.  A  life  objective  of  10, 000  hours 
was  established,  and  the  design  impeller-tip  speed  required  a  material  with  a 
high  strength-to-weight  ratio.  In  addition,  it  was  desirable  that  the  selected 
material  have  a  low  coefficient  of  thermal  expansion  and  that  it  be  machinable  by 
conventional  methods . 

The  principal  objective  for  the  test  rig  was  to  design  test  sections  for  four  impel¬ 
lers  that  were  adaptable  to  one  rig.  In  addition,  these  test  sections  had  to  be 
instrumented  to  acquire  the  aerodynamic  data,  including: 

1)  Static  and  total  pressures  and  temperatures  at  the  impeller  inlet  and  exit, 
in  the  diffuser  passage,  and  in  the  collector; 

2)  Static  pressures  along  the  impeller  shroud; 

3)  Impellei>exit  flow-angle  measurements;  and 

4)  Blade-to-shroud  clearance  and  diffuser  passage  width  measurements. 


Material  Selection 

Since  all  four  impellers  were  designed  for  approximately  the  same  conditions,  the 
work  done  and  the  temperature  rise  were  considered  to  be  the  same  for  mechan¬ 
ical  design  purposes.  It  was  calculated  that  maximum  material  temperatures 
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Blade  Geometry 


Axial 

Distance 

Z 

Blade 

Turning 

Angle 

a 

Hub 

Radius 

rh 

Tip 

Radius 

rt 

Hub 

Thickness 

lh 

Tip 

Thickness 

‘t 

0.300 

0 

0.710 

0.027 

_ 

0.400 

5.0 

0.715 

1.748 

0.052 

0.050 

0.500 

9.8 

0.724 

1.755 

0.073 

0.050 

0.600 

14.4 

0.733 

1.763 

0.090 

0.050 

0.700 

18.7 

0.745 

1.771 

0.104 

0.051 

0.790 

22.6 

0.759 

1.780 

0.113 

0.051 

1.040 

31.8 

0.802 

1.808 

0.126 

0.052 

1.288 

39.7 

0.861 

1.847 

0.135 

0.052 

1.535 

46.4 

0.938 

1.899 

0.139 

0.052 

1.776 

52.4 

1.029 

1.963 

0.142 

0.054 

1.996 

57.1 

1.135 

2.040 

0.143 

0.054 

2.444 

63.9 

1.416 

2.238 

0.138 

0.051 

2„  850 

67.5 

1.762 

2.476 

0.122 

0.044 

3.224 

69.0 

2.162 

2.772 

0.104 

0.040 

3.410 

69.3 

2.389 

2.945 

0.096 

0.039 

4.012 

69.3 

3.268 

3.690 

0.066 

0.029 

4.246 

69.3 

3.668 

4.036 

0.053 

0.025 

4.400 

69.3 

3.950 

— 

0.045 

-- 

Figure  107.  Aerodynamic  Design  Information. 

161 


CONFIDENTIAL 


i 


CONFIDENTIAL 


Impeller:  MF-2 

Design  Speed:  73, 000  rpm 


Blade  Geometry 


Axial 

Distance 

Z 

Blade 

Turning 

Angle 

a 

Hub 

Radius 

rh 

Tip 

Radius 

rt 

Hub 

Thickness 

lh 

Tip 

Thickness 

tt 

0.200 

0 

0.910 

— 

0.031 

__ 

0.300 

5.4 

0.913 

1.806 

0.063 

0.050 

0.400 

10.5 

0.919 

1.815 

0.093 

0.050 

0.500 

15.2 

0.926 

1.823 

0.115 

0.051 

0.592 

19.4 

0.935 

1.831 

0. 133 

0.051 

0.700 

24.0 

0.951 

1.840 

0.144 

0.052 

0.800 

27.9 

0.969 

1.848 

0.  152 

0.053 

0.994 

34.5 

1.015 

1.865 

0.163 

0.054 

1.200 

40.8 

1.079 

1.887 

0.168 

0.057 

1.480 

47.9 

1.179 

1.931 

0.172 

0.058 

1.759 

52.9 

1.294 

1.994 

0.169 

0.053 

2.105 

56.7 

1.487 

2.127 

0.153 

0.045 

2.435 

58.2 

1.738 

2.338 

0.129 

0.040 

2.724 

58.5 

2.030 

2.601 

0.107 

0.034 

2.973 

58.5 

2.344 

2.900 

0.090 

0.030 

3.191 

58.5 

2.694 

3.219 

0.073 

0.025 

3.391 

58.5 

3.105 

— 

0.054 

— 

B’igure  108.  Aerodynamic  Design  Information. 
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Impeller:  MF-3 

Design  Speed:  64,  000  rpm 

Axial  Length:  4.180  inches 


Blade  Geometry 


Axial 

Distance 

Z 

Blade 

Turning 

Angle 

a 

Hub 

Radius 

rh 

Tip 

Radius 

rt 

Hub 

Thickness 

lh 

Tip 

Thickness 

‘t 

0.190 

0 

0.910 

1.800 

1 

0.390 

8.9 

0.932 

1.800 

0.098 

0.590 

16.3 

0.955 

1.800 

0.133 

0.789 

22.4 

0.983 

1.804 

0.150 

0.054 

0.987 

27.5 

1.020 

1.819 

0.15C 

0.054 

1.167 

31.1 

1.064 

1.845 

0.157 

0.055 

1.372 

34.6 

1.131 

1.888 

0.158 

0.055 

1.618 

37.5 

1.232 

1.966 

0.164 

0.053 

1.914 

39.4 

1.391 

2.095 

0.164 

0.052 

2.102 

39.7 

1.515 

2.194 

0.156 

0.052 

2.422 

39.7 

1.788 

2.424 

0.139 

0.048 

2.701 

39.7 

2.103 

2.690 

0.121 

0.042 

2.944 

39.7 

2.456 

3.000 

0.103 

0.036 

3.147 

39.7 

2.813 

3.306 

0.086 

0,031 

3.325 

39.7 

3.178 

3.584 

0.067 

0.027 

3.480 

39.7 

3.493 

— 

0.054 

— 

Figure  109.  Aerodynamic  Design  Information. 
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Distance 

Z 

Turning 

Angle 

a 

Radius 

rh 

Radius 

rt 

Thickness 

‘h 

Thickness 

lt 

0.200 

0 

1.179 

1.948 

0.054 

0.045 

0.300 

4.2 

1.180 

1.949 

0.065 

0.044 

0.400 

8.2 

1.181 

1.951 

0.077 

0.043 

0.600 

15.6 
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Figure  110.  Aerodynamic  Design  Information. 
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would  be  about  460°F  near  the  tip  and  about  130°  tc  30C°F  at  the  bore.  Figures 
111  and  112  show  strength-to- weight  ratio,  modulus  of  elasticity,  and  coefficient 
of  thermal  expansion  for  Rene'  41,  Waspaloy,  2014T-6  aluminum,  and  6A1-4V 
titanium.  A  comparison  of  these  material  properties  showed  a  marked  decrease 
in  the  strength  of  aluminum  at  the  design  temperature.  Titanium  showed  the  best 
strength-to-weight  ratio  and  the  lowest  coefficient  of  thermal  expansion.  Availa¬ 
bility  and  machinability  of  titanium  were  approximately  equal  to  the  high- 
temperature  super  alloys.  Although  the  modulus  of  elasticity  for  titanium  wap 
about  half  that  of  Rene’  41  and  Waspaloy,  the  better  strength-to-weight  ratio  of 
titanium  compensated  for  this  difference.  Therefore,  titanium  was  chosen  for 
the  impellers  to  be  used  on  this  program.  The  importance  of  the  strength-to- 
weight  ratio  can  be  demonstrated  by  the  basic  centrifugal  stress  relationship. 

For  a  given  blade  geometry  and  rotor  speed,  centrifugal  stress  is  directly 
proportional  to  the  material  density,  so  that 

S  ~  yru?  (20) 


Comparing  titanium  and  Rene'  41, 


S 

r 

where,  for  a  given  geometry, 


n 


0.160 

0.398 


0.536 


S  =  yield  stress  for  titanium  (psi) 

L 

=  yield  stress  for  Rene’  41  (psi) 

3 

v  =  density  of  titanium  (lb /in.  ) 

l 

3 

y  =  density  of  Rene’  41  (lb/in.  ) 


(21) 


Therefore,  the  stress  in  titanium  would  be  approximately  half  of  that  in  Rene’  41 
or  similar  steels. 

Impeller  Stress 

Each  impeller  was  analyzed  to  achieve  the  best  balance  between  allowable  stress 
levels  and  the  desired  aerodynamic  configuration.  The  same  stress  analysis 
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Figure  111.  Strength-to-Weight  Ratio  Versus  Temperature. 
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procedure  was  applied  to  each  impeller  and  consisted  of  2  principal  parts;  the 
blade  analysis  and  the  disk  analysis.  The  blade  analysis  was  performed  first 
because  disk  stresses  were  dependent  on  the  blade  configuration.  Blade  sections 
were  stress-checked,  and  the  disk  shape  was  estimated  to  serve  as  an  analysis 
starting  point.  Temperature  profiles  throughout  the  impeller  were  obtained  by 
calculating  the  relative  temperature  rise  along  the  flow  path  and  the  temperature 
at  the  inlet  hub.  A  temperature  of  300°F  wras  assumed  at  the  aft  hub.  An 
example  of  the  temperature  profiles  is  shown  in  Figure  113.  Impeller  stress 
levels  and  factors  of  safety  were  determined  using  minimum  physical  properties 
and  material  data  given  in  Figures  114  through  117.  Minimum  allowable  factors 
of  safety  for  the  blades  and  the  disks  were  established  for  2  conditions:  steady- 
state  at  design  speed,  and  momentary  10-percent  overspeed,  as  shown  in  Table 
IX. 


TABLE  IX 

MINIMUM  FACTORS  OF  SAFETY 

Steady-State 

Momentary 

Condition 

Overspeed  Condition 

Element 

SF 

SF  SF 

s 

y  u 

Blade 

1.25 

1.15  1.25 

Disk 

1.25 

1.10  1.25 

SF  =  Factor  of  safety  based  on  rupture  stress  or  0.2% 
yield,  whichever  is  smaller. 

SF  =  Factor  of  safety  based  on  0.2%  yield  stress. 


SF  =  Factor  of  safety  based  on  ultimate  stress, 
u 


Impeller  blade  factors  of  safety  included  allowable  vibratory  stresses  of  20,000 
psi  for  the  inducer  section  (25  percent  of  the  hub  meridional  length)  and  12, 000 
psi  for  the  radial  section.  Because  of  limited  experience  with  titanium  for  high¬ 
speed  rotors,  these  values  were  based  on  the  allowable  vibratory  stresses  used 
for  steel;  they  are  considered  to  be  conservative.  A  lower  vibratory  stress  was 
allowed  for  the  radial  section  because  of  the  higher  mean  stress  and  temperature, 
as  illustrated  by  the  Goodman  diagrams  in  Figure  118. 
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Figure  115.  Stress  Versus  Temperature  for  6A1-4V  Titanium. 
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Figure  116.  Stress  Versus  Temperature  for  6A1-4V  Titanium. 
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Figure  117.  Stress  Versus  Temperature  for  6A1-4V  Titanium. 
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Vibration 


S  =  Mean  Stress  (psi) 
m 


Sy  =  0.2%  Yield  Stress  (psi) 

Figure  118.  Goodman  Diagrams . 


The  rupture-stress  region  of  titanium  was  in  a  temperature  range  well  above  the 
maximum  impeller  metal  temperature,  which  ensured  an  unlimited  design  life 
in  this  respect. 

Blade  Stress 


The  blade  sections  were  analyzed  for  centrifugal  loading  and  for  the  natural 
frequency  spectrum.  Bending  stress  at  the  blade  root,  imposed  by  aerodynamic 
loading, was  about  2000  psi  at  the  overspeed  condition  and  was  ignored.  The 
centrifugal  stress  was  determined  by  dividing  the  blade  into  segments  in  a  plane 
normal  to  the  impeller  axis  and  by  applying  conventional  centrifugal  force  and 
stress  calculation  methods.  Blade  natural  frequency  and  rotor-excitation  speed 
were  calculated;  the  predicted  natural  frequency  spectrum  was  plotted  versus 
rotational  speed  on  a  Campbell  diagram.  Rotor  order  for  the  frequency  spectrum 
and  mode  of  blade  vibration  are  identified  at  the  various  rotor  speeds  within  the 
operating  range.  The  Campbell  diagram  for  MF-1  is  shown  in  Figure  119. 

Blade  section  adjustments  were  made  to  change  the  natural  frequency  if  an  exci¬ 
tation  speed  coincided  with  a  prime  test  operation  speed.  The  natural  frequency 
analysis  and  the  corresponding  relative  displacements  were  determined  by  repre¬ 
senting  the  actual  blade  as  a  system  of  point  masses  connected  by  weightless  flat 
triangular  plates  of  constant  thickness.  All  node  points  were  allowed  to  vibrate 
in  three  translatory  degrees  of  freedom,  except  those  on  the  fixed  boundary 
formed  by  the  disk,  which  were  allowed  no  freedom.  The  node-point  coordinates, 
node  masses,  plate  thicknesses,  and  the  normal  vectors  to  the  blade  in  a  node 
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point  were  determined  by  a  computer  program  developed  by  the  contractor 
These  data,  together  with  the  material  modulus  of  elasticity,  were  used  as  die 
input  for  a  second  program  that  computed  the  natural  frequencies  and  relative 
displacements.  Both  programs  can  be  run  simultaneously  on  a  computer. 
Adjustments  for  either  mechanical  or  aerodynamic  reasons  required  iterative 
solution. 

Disk  Stress 

The  structural  integrity  of  the  impeller  disk  was  verified  by  comparing  the 
applied  average  force  to  the  allowable  average  force  in  cylindrical  sections 
within  the  disk.  From  this  comparison,  factor  of  safety,  SFg,  for  each  section 
was  determined  as  follows  (see  Figure  120  for  disk  section): 


Ftd  + Ftt 

F, 


(22; 


where: 

F  =  total  centrifugal  force  including  blades  and  disk 
F^  =  force  component  of  the  disk  itself 
T  =  force  component  due  to  blade  loading 

Fj  =  failure  force 

The  following  equations  give  F^  and  Ff: 


A 


dr  = 


2  Yu2 
g 


Y'  r2t-/r 

L—i  v  v  v 


v  =  1 


(23) 
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s  _ 

Ff  =  (0.81)  (2)  f  Sftdr  =  1.62  V  Sf  v  tv 

J  V  * 


V  =  1 


(24) 


where: 


7  =  density 


) 

Nin.  ' 


=  rotational  speed 


(radi 
k  se 


dians\ 


sec  / 


g  =  gravitational  constant 


(-v 


) 


f,v 


=  failure  stress  corresponding  to  the  temperature  in  the 
center  of  segment  v  (psi). 


Figure  120.  Disk  Sections  for  Stress  Analysis, 


The  0. 81  factor  in  equation  (24)  is  based  on  an  average  of  previous  spin-pit  tests. 

To  avoid  elastic  deformation  of  the  impeller  bore  with  an  increase  of  speed, 
which  would  cause  the  bore  to  loosen  on  the  shaft,  the  impeller  was  proof-spun 
at  a  speed  that  would  produce  plastic  deformation  and  a  permanent  compressive 
stress  at  the  impeller  bore.  Further,  the  aft  hub  was  extended  beyond  the  main 
disk  body  to  provide  a  pinching  action,  as  shown  in  Figure  121. 

Weigh*,  mass  moment  of  inertia,  and  minimum  factors  of  safety  for  the  four 
impellers  are  shown  in  Table  X. 
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IMPELLER  STRESS  ANALYSIS  RESULTS 


Impeller 

Weight 

0b) 

I 

m  2 
(lb- in.  sec  ) 

<SF/  blade 

<SFy>  disk 

<SFU>  disk 

MF-1 

8.40 

0.0961 

3.42 

1.44 

1.62 

MF-2 

5.24 

0.0347 

1.95 

1.34 

1.53 

MF-3 

5.30 

0.0450 

3.07 

1.80 

2.02 

RF-1 

7.20 

0. 0699 

2.20 

1.74 

1.99 

, ,  ,  includes  vibratory  stresses, 
blade 


SF  and  SF  are  the  minimum  safety  factors . 
y  u  J 

I  is  the  mass  moment  of  inertia, 
m 


Test  Sections 


Four  separate  test  sections  were  required  because  of  differences  in  size  and 
shape  of  the  impellers.  In  addition  to  the  impellers,  the  test  sections  included 
those  parts  related  to  the  aerodynamics;  i.e. ,  the  inlet,  the  front  cover  (with 
liner),  the  baekplate,  and  the  collector  (Figure  122).  The  front  cover  extended 
from  the  impeller  inlet  to  the  collector,  forming  the  front  shroud  and  1 
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vaneless -diffuser  wall.  The  backplate  formed  the  other  wall  and  attached  to 
the  rotor  housing,  providing  the  structural  base  for  the  test  section.  The 
compressor  collector  formed  the  structural  link  between  the  backplate  and 
front  cover.  The  inlet  extended  from  the  front  cover  to  the  air-intake  plenum 
chamber.  Airfoil  struts  supported  the  impeller-hub  fairing.  All  4  front  covers 
were  designed  with  a  Kirksite  liner-insert  to  provide  an  abradable  surface. 

Its  purpose  was  to  allow  close  blade-to-shroud  clearances  without  risking 
damage  to  the  impeller.  The  RF-1  front  cover  was  designed  as  a  1-piece  plate 
with  3  stiffening  webs  on  the  exterior.  The  mixed-flow  impeller  front  covers 
were  designed  as  welded  or  brazed  assemblies.  The  RF-1  backplate  was  a 
1-piece  design;  whereas,  the  mixed-flow  backplates  were  3-piece  weldments 
or  brazements.  Eight  stiffening  webs  werq  added  to  each  plate  for  rigidity. 

A  minimum  section  thickness  of  0,25  inch  was  maintained  for  front  covers 
and  backplates  to  facilitate  installation  of  the  instrumentation  and  other 
equipment.  The  material  selected  for  the  front  cover  and  backplate  was  AISI  321 
stainless  steel  for  the  first  design  (MF-1)  because  of  its  corrosion  resistant 
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properties  at  the  high  (750°F)  design  temperature.  Fabrication  difficulties  with 
this  material  negated  this  advantage,  however,  and  AISI  4130/4340  was  designated 
for  subsequent  designs. 

One  collector  was  designed  to  function  both  as  a  pressure  vessel  and  as  the 
structural  tie  between  the  front  cover  and  backplate  for  all  test  sections.  It  was 
a  formed  torus  with  an  annular  opening  adaptable  to  each  diffuser-section  dis¬ 
charge.  Rigidity  of  the  unit  was  provided  by  pins  across  the  opening,  brazed  in 
the  opposing  collector  flanges.  Two  ducts,  leading  from  the  rear  side  of  the 
collector,  were  joined  in  a  common  exhaust  duct  ahead  of  an  airflow  control 
valve. 

Details  of  test  section  component  construction  and  assembly  are  given  in  Section 
3. 0  of  this  report. 

Rotor  System 

The  rotor  design  objective  was  to  provide  a  system  common  to  all  four  impellers. 
Because  of  the  wide  range  in  design  speeds  (55, 000  to  74,  000  rpm),  2  rotors 
were  required.  One  was  common  to  the  RF-1  and  MF-1  impellers,  and  the 
second  was  for  MF-2  and  MF-3.  However,  all  were  adaptable  to  the  same 
housing  and  bearing  mounts.  In  addition,  smaller  shaft  and  bearing  sizes  were 
required  for  the  higher  rotational  speeds  of  the  MF-2  and  MF-3.  Both  rotors 
were  supported  by  2  high-speed  ball  bearings,  with  the  impeller  cantilevered  on 
the  forward  end  of  the  shaft.  Power  was  supplied  from  the  opposite  end  by  a 
turbodrive  unit  through  a  flexible  coupling,  as  shown  in  Figure  123.  The  bearing 
mounts  were  flexible  to  minimize  the  effects  of  increased  radial  loads  that  would 
be  encountered  at  the  rotor  critical  speeds. 

Before  selecting  a  test-section  design,  three  rotor  configurations  were  studied 
(Figure  124).  The  first  2  systems,  Configurations  A  and  B,  were  straddle- 
mounted  with  the  impeller  between  2  bearings.  For  Configuration  A,  a  one-piece 
shaft  passed  through  the  impeller;  for  B,  a  stub  shaft  was  attached  to  each  end  of 
the  impeller.  Configuration  C  was  the  cantilevered  system  selected  for  the  rig. 
Rotor  Configurations  A  and  C  were  analyzed  for  the  first  4  critical  speeds  as  a 
function  of  bearing  support  stiffness  rates,  and  the  results  are  shown  in  Figures 
125  and  126.  Configuration  B  was  not  analyzed  because  of  its  similarity  to  A. 

The  critical-speed  analysis  was  performed  with  the  aid  of  a  digital  computer 
program  developed  by  the  contractor  for  analysis  of  all  rotor  types;  it  also 
determined  the  mode  shapes  of  the  shaft  deflections.  In  this  program,  bearing 
stiffness  could  be  assumed  (1)  as  constant  with  speed  for  any  given  spring  rate 
(such  as  in  this  case) ,  (2)  to  vary  linearly  with  speed,  or  (3)  to  be  a  combination 
of  the  2.  The  method  of  calculation  assumed  no  damping  or  deflections  due  to 
shear,  and  bearing  supports  were  taken  as  ideal  linear  springs.  Only  synchro¬ 
nous  whirl  modes  were  considered  by  this  program.  The  inputs  required  were 
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Figure  123.  Impeller  Test  Rig. 
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Configuration  C 


Figure  124.  Impeller  Shaft  Arrangements. 

182 


CONFIDENTIAL 


Critical 


Figure  126.  Critical  Speed  Versus  Bearing  Stiffness 
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area  and  polar  moments  of  inertia,  modulus  of  elasticity,  support  stiffness  coeffi¬ 
cients,  and  mass  at  10  stations  along  the  rotor.  These  stations  were  located  at  the 
centers  of  large  masses  (suchatatthe  impeller)  and  at  bearing  locations,  with  the 
remaining  stations  being  distributed  as  evenly  as  possible  (Figure  127).  To  obtain 
a  mathematical  formulation  for  the  critical  speeds  of  the  rotor,  it  was  assumed 
that  a  balanced,  undamped  rotor  was  deformed  in  a  single  plane  in  a  natural  mode 
shape,  which  rotated  about  the  axis  at  rotor  speed.  This  condition  was  expressed 
in  terms  of  rotor  deflections  and  corresponding  critical  speeds.  A  study  of  the 
results  indicated  that  Configuration  C  (Figure  124)  with  front-  and  rear-bearing 
mount  spring  rates  of  10, 000  pounds  per  inch  would  be  the  best  design  from  the 
rotor  dynamics  standpoint.  This  design  would  allow  operation  between  the  second 
and  third  criticals,  which  were  17,000  and  80,000  rpm,  respectively.  Configura¬ 
tion  A  was  a  more  rigid  system  with  a  third  critical  of  110, 000  rpm.  The  second 
critical,  however,  was  broad  and  projected  into  the  operating  range.  A  spring 
rate  of  10,  000  pounds  per  inch  gave  first,  second,  and  third  critical  speeds  of 
8,600,  25,500,  and  115,000  rpm.  For  Configuration  C,  the  cantilevered  design, 
the  impeller  could  be  removed  from  the  shaft  without  disassembly  of  the  rotor 
system;  and  the  impeller  inlet  was  not  limited  in  size  nor  obstructed  by  bearing 
mounts  forward  of  the  inlet.  The  predicted  critical  speeds  for  MF-1  and  RF-1 
are  shown  in  Table  XI. 

The  specific  analysis  of  the  MF-2  and  MF-3  rotors  was  directed  toward  resolving 
a  shaft  that  would  adapt  to  the  configuration  selected  for  the  other  2  impellers  by 
adjusting  the  shaft  size.  Results  of  this  analysis  are  shown  in  Figure  128.  With 
a  bearing  spring  rate  of  10, 000  pounds  per  inch,  the  critical  speeds  for  MF-2 
were  13,000,  36,000,  and  102,000  rpm  for  the  0.70-inch-diameter  shaft,  which 
was  selected  as  being  most  suitable  for  this  appi.jation. 

The  actual  critical  speeds  were  found  to  be  approximately  30  percent  lower  than 
the  calculated  values  for  RF-1  and  MF-1  during  test-rig  operation.  The  third 
(bending)  critical  for  MF-1  was  56,000  rpm  and  for  RF-1  was  48,000  rpm,  both 
of  which  were  in  the  operating  range.  A  study  made  to  determine  the  reason  for 
the  discrepancies  (Appendix  III)  showed  that  the  calculations  required  a  more 
discrete  distribution  of  the  mass  sections  used  as  computer  inputs.  The  large 
mass  sections  were  lumped  as  1  section,  allowing  more  sections  to  define  the 
more  flexible  portions  of  the  shaft.  New  calculations  made  with  refined  inputs 
provided  the  results  shown  in  Table  XI. 

These  calculations  agreed  well  with  the  RF-1  and  MF-1  critical-speed  values 
determined  during  rig  operation.  Critical  speeds  for  MF-2  and  MF-3  could 
not  be  verified  because  they  were  not  tested  owing  to  fabrication  and  proof¬ 
spinning  problems  encountered  (Appendix  IV) . 
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Figure  127.  Rotor  Stations  Used  in  Predicting  Critical  Speeds. 
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TABLE  XI 
CRITICAL  SPEEDS 


First 

Second 

Third 

Fourth 

Original 

Predictions: 

MF-1 

4,200 

16,500 

83,800 

218,200 

MF-2 

13,000 

36,000 

102,000 

- 

MF-3 

3,  900 

7,700 

31,800 

99,400 

RF-1 

4,500 

17,000 

66,000 

- 

Experimentally 

Determined: 

MF-1 

- 

- 

56,000 

- 

RF-1 

- 

- 

48,000 

- 

Revised 

Analysis: 

MF-1 

3,300 

8,500 

56,100 

- 

MF-2 

3,900 

7,700 

28,800 

87,100 

MF-3 

3,900 

7,700 

31,800 

99,400 

RF-1 

3,300 

8,800 

48,300 

155,400 
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Figure  128.  MF-2  Critical  Speed  Versus  Bearing  Stiffness. 
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Operation  of  the  MF-1  rig  in  the  critical  speed  range  resulted  in  vibration  above 
an  acceptable  level  of  100  g’s  ,  as  shown  in  Figure  129,  This  figure  also  shows 
the  effect  of  viscous  damping  of  the  flexible  bearing  mounts,  provided  by  pres¬ 
surized  oil  between  the  mounts  and  rotor  housing,  which  reduced  the  vibration 
level .  Critical-speed  vibration  was  reduced  to  safe  levels  by  a  modal  balance 
method  (Appendix  V),  which  applied  a  moment  to  the  shaft  that  opposed  the 
imbalance  created  by  the  critical-speed  mode  shape,  in  this  case  the  third,  or 
bending,  mode. 

The  splined  coupling  between  the  turbodrive  and  compressor  unit  was  a  source  of 
forced  excitation  to  the  rotor  system  as  a  result  of  the  friction  generated  in  the 
loose  splines  at  high  speed.  This  effect  was  verified  by  independent  observations 
of  a  similar  coupling  on  a  turbine-dynamometer  test  rig.  The  splined  coupling 
was  therefore  replaced  by  a  frictionless  coupling,  as  shown  in  Figure  130. 

Selection  of  preioaded  precision  ball  bearings  was  made  to  minimize  axial  and 
radial  displacement  and  to  accommodate  the  high  rotational  speeds.  The  flexible 
bearing  mounts  were  limited  to  0. 002 -inch  displacement  in  any  direction  by 
snubbers  to  prevent  excessive  motion  and  to  protect  the  mounts  from  overstress. 
Preliminary  studies  of  the  bearing  application  revealed  that  the  pressure  buildup 
on  the  back  face  of  the  impeller  would  result  in  excessive  thrust  loads,  calculated 
to  be  a  net  maximum  of  approximately  1500  pounds  for  MF-1  (Appendix  III).  A 
labyrinth  seal  between  the  impeller  tip  on  the  back  lace  and  the  rotor  housing 
(Figure  131)  with  a  controlled  vent  was  planned  to  limit  the  thrust  to  60  pounds . 
However,  forward  deflection  of  the  impeller  tip  during  actual  rig  operation 
caused  an  excessive  seal  gap,  which  resulted  in  an  insufficient  pressure  drop  to 
reduce  the  thrust  load.  The  labyrinth  seal  method  of  reducing  thrust  loads  was 
replaced  by  a  pressure  balancing  disk  located  on  the  aft  end  of  the  shaft,  with 
the  cavity  in  front  of  it  pressurized  from  an  external  air  source  (Figure  132). 

The  balance  pressure  in  the  cavity  was  regulated  manually,  as  determined  by 
loads  read  directly  by  strain  gages  mounted  on  the  thrust-bearing  mount.  A 
maximum  rotor  imbalance  of  0.005  ounce-inch  was  specified  to  limit  the 
dynamic  radial  bearing  force  to  43  pounds  for  the  larger  rotor  at  60, 000  rpm 
and  to  55  pounds  for  the  smaller  rotor  at  80, 000  rpm  (Appei  dix  III).  A  bearing 
life  of  500  hours  was  established  to  meet  anticipated  operating  requirements. 

This  is  equivalent  to  an  average  life  of  2500  hours.  Bearing  investigations, 
based  on  manufacturer's  data  and  recommendations,  resulted  in  selection  of  20 
mm  single-row,  deep-groove  precision  bearings  with  SAE  52100  chrome  steel 
balls  held  by  alum inum- phenolic  retainers  for  the  rotor  common  to  RF-1  and 
MF-1.  The  bearings  for  the  MF-2  and  MF-3  rotors  were  17  mm  of  the  same 
type.  The  smaller  size  was  selected  for  tlteMF-2  and  MF-3  rotors  because 
the  high  centrifugal  loading  of  the  balls  on  the  outer  race  made  the  20  mm 
bearings  marginal  at  80, 000  rpm.  Bearing  life  for  the  20  mm  bearings  was  the 
required  500  hours  (Appendix  HI);  however,  MF-2  and  MF-3  bearing  life  was 
reduced  to  280  hours,  which  was  acceptable  because  of  the  lower  (100  hours)  life 
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Figure  130.  Frictionless  Coupling. 
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Figure  132.  Thrust  Balance  Disk. 
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requirement.  The  predicted  operating  temperature  for  both  bearings  was  300°F. 
A  preload  of  40  pounds  was  specified  for  each  bearing.  Positive  contact  carbon 
seals  were  located  next  to  each  bearing.  Lubrication  of  the  bearings  of  both 
rotors  was  specified  to  be  air-oil  mist,  with  MIL  7808  synthetic  oil  being  used, 
which  was  also  considered  to  be  adequate  to  remove  the  heat  generated  by  the 
bearing  friction.  This  method  was  changed  to  a  jet-spray  system  after  initial 
testing  to  provide  more  lubricant  to  the  seals  and  better  bearing  cooling.  This 
change  reduced  the  bearing  temperature  from  300°F  at  30,  000  rpm  to  160°F  at 
60, 000  rpm.  Figure  133  shows  the  final  design  for  the  20  mm  bearing  rotor 
system. 

2.4.2  DIFFUSERS 

The  aerodynamic  design  of  the  diffusers  called  for  three  vane-island  types  and 
one  cascade  type.  The  vane-islands  were  designed  to  provide  diameter- ratio 
settings  of  1.02,  1.06,  and  1.10,  and  throat  areas  of  25,  50,  75,  100,  and  125 
percent  of  the  design  area  at  a  radius  ratio  of  1.06.  The  cascade  vanes  were  to 
be  adjustable  about  their  center  of  rotation.  The  impeller  used  to  test  the 
diffusers  (workhorse  impeller)  was  required  to  operate  at  a  tip  speed  of  2,  000 
feet  per  second,  with  an  allowance  for  10-percent  overspeed,  consister with  the 
other  impellers.  Figure  134  shows  the  impeller  design  information.  The 
mechanical  design  objectives  for  this  impeller  were  the  same  as  for  the  other  4 
impellers  discussed  in  Section  2,4. 1.  It  was  essential  that  the  test  section 
accommodate  each  vane  set  by  simple  replacement.  In  addition,  adjustable 
impeller  inlet  guide  vanes  and  windows  for  schlieren  photography  of  flow 
phenomena  at  the  channel  inlet  were  to  be  included  in  the  design.  Test-section 
instrumentation  for  the  diffuser  tests  was  to  be  similar  to  that  on  the  impeller 
test  rigs,  except  additional  static  taps  were  required  in  the  diffuser  section,  and 
a  movable  total-pressure  probe  was  required  to  traverse  from  the  impeller  tip 
to  the  diffuser  exit  along  the  channel  centerline. 

Vane-Islands 

The  vane-islands  were  clamped  between  the  test-section  diffuser  walls  and  were 
positioned  with  2  pins  in  each  vane.  Combinations  of  pin  holes  in  the  vanes  and 
rear  diffuser  walls  provided  the  required  diameter  ratio  and  throat-area  settings. 
The  angle  of  attack  was  the  same  for  each  diameter-ratio  setting.  Throat-area 
changes  were  made  by  pivoting  the  vanes  about  the  tip.  A  sample  vane  is  shown 
in  Figure  135. 
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Impeller:  Workhorse 
Design  Speed:  50, 000  rpm 
Axial  Length:  4.  90  inches 
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The  maximum  stress  resulting  from  the  12-pound  aerodynamic  side  load  and  25- 
inch-pound  nut  torque  was  calculated  to  be  approximately  32, 000  psi. 

Impeller 

The  performance  characteristics  for  this  impeller  were  similar  to  those  of  the 
four  impellers  of  Section  2.4. 1;  therefore,  the  material  selection  and  stress 
analysis  methods  were  the  same.  Minimum  factors  of  safety  were  1.67  for  the 
disk,  and  1.91  for  the  blades,  both  based  on  0.2-percent  yield.  Details  of  the 
analysis  are  given  in  Appendix  II. 

Impeller-Stress  Test  —  A  diffuser-test-rig  impeller  was  tested  to  determine  the 
blade  vibration  stresses,  frequencies,  and  modes  throughout  the  compressor 
map.  The  vibration  stresses  were  found  to  be  below  the  20,  000  psi  allowable 
except  in  3  rpm  ranges  near  surge,  as  shown  in  Figure  137.  The  complete  test 
procedure  and  results  are  presented  in  Appendix  VI. 

Test  Sections 


One  basic  test  section  was  designed  to  accommodate  the  different  vane  configura¬ 
tions.  Three  backplates  were  required:  1  for  the  cascade  vanes,  1  for  the  DX-1 
and  DI-2  vanes,  and  1  for  the  DI-3  vanes.  Figures  138  and  139  show  typical 
test  section  installations.  The  backplate,  which  attached  to  the  rotor  housing, 
was  a  1-piece  design,  machined  from  321  stainless  plate.  The  front  cover  was 
a  2-piece  brazement,  1  piece  forming  the  impeller  shroud  and  the  other  forming 
the  front  diffuser  wall.  One  collector  was  common  to  all  test  sections.  The 
inlet  guide  vanes  (Figure  140)  were  2-piece  blades  with  a  fixed  leading  edge 
and  a  moveable  trailing  edge  that  was  remotciy  controHed  through  ±50  degrees 
of  travel.  Windows  for  schlieren  photography  were  planned  for  all  diffuser 
configurations  (Figure  141).  The  spaces  between  the  inner  and  outer  windows 
were  pressurized  with  diffuser  air  through  bleed  holes  to  minimize  the  pressure 
differential  across  the  inner  window,  which  also  carried  a  high  thermal  gradient. 
The  vane-island  window  configuration  was  later  changed  to  a  single  lens  mounted 
in  an  Invar  frame  to  reduce  stresses  in  the  lens  caused  by  thermal  distortion 
of  the  window  seat.  This  was  also  done  to  eliminate  the  collection  of  contaminates 
between  the  double  windows.  The  window  sealant  was  silicone  rubber.  The 
original  window  material  was  quartz,  but  was  later  changed  to  a  96-percent 
silica  glass  because  of  its  better  resistance  to  mechanical  shock. 

Fotor  System 

The  rotor  design  objective  was  to  provide  a  system  to  operate  in  a  speed  range 
of  from  33, 000  rpm  to  55, 000  rpm.  The  impeller  was  cantilevered  on  the  rotor 
shaft,  which  was  supported  by  2  full-floating  hydrodynamic  bearings.  Thrust  in 
both  directions  was  carried  by  hydrodynamic  slipper  bearings.  Power  was 
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Figure  137.  Impeller  Vibratory  Stress  Test. 
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Figure  139.  Diffuser-Rig  Test  Section. 
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provided  by  a  radial-in-flow  turbodrive  unit  through  a  flexible  coupling  between 
the  turbodrive  shaft  and  compressor  shaft.  Design  details  for  the  bearings  and 
shaft  are  in  Appendix  HI.  Full-floating  sleeve  bearings  were  used  to  provide 
maximum  radial  load  capacity.  By  comparison,  it  was  expected  that  conventional 
journal  bearings  of  the  same  size  would  overheat  at  design  speeds  and  would 
require  more  oil  flow  with  an  increase  in  clearance,  which  in  turn  would  reduce 
the  load-carrying  capacity  below  that  for  the  full-floating  sleeve  bearings. 

Rotor  dynamics  characteristics  were  predicted  by  the  same  method  used  for  the 
impeller  rig  rotors  (Section  2.4.1)  with  the  radial  oil  film  stiffness 

K  (  — )  defined  by  the  empirical  relation — 
n \sec/ 


K  =  pi3DN 

n  - 3 

6.0SC 


(25) 


where: 


.  2 

p  =  absolute  viscosity  (lb-sec/in.  ) 

l  =  bearing  length  (in. ) 

D  =  bearing  diameter  (in. ) 

N  =  rotor  speed  (rpm) 

C  =  total  bearing  clearance  (in. ) 

Figures  142  and  143  show  the  bearing  stiffness,  Tn,  which  equals  Kn  divided  by 
the  rotor  speed  at  the  point  in  question.  Also  shown  are  the  shaft  mode  shapes  at 

lb— sec 

a  constant  T  value  of  25  — : — -  .  These  curves  show  the  first  2  natural 
n  in. 

frequencies  to  be  below  20, 000  rpm  for  Tn  values  of  less  than  50  Ib-sec/in,  and 
they  show  the  third,  or  bending,  critical  to  be  within  the  operating  range  for  Tn 
values  below  50  lb-sec/in.  However,  previous  calculations  of  similar  rotor 
systems  indicated  that  the  probable  critical  speed  would  be  67, 000  rpm,  22 
percent  higher  than  the  maximum  design  speed.  During  rig  development,  the 
actual  critical  speed  was  found  to  be  at  46, 000  rpm.  Refined  calculations 
yielded  essentially  the  same  results  as  the  original,  but  comparison  of  the 
calculated  and  experimentally  determined  free-free  criticals  indicated  that  the 
predicted  values  for  critical  speeds  were  11  percent  high.  With  this  correction, 
critical  speed  calculations  showed  correlation  with  the  actual  results. 
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L42.  Bearing  Stiffness  Versus  Rotor  Speed 
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Figure  143.  Shaft  Mode  Shapes. 
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During  the  operational  checkout,  radial  loads  were  found  to  be  higher  than 
anticipated;  therefore,  the  forward  bearing  mount  was  replaced  with  a  flexible, 
damped  mount.  In  addition,  oil  flow  was  increased  by  increasing  pressure  from 
50  to  70  psi  with  a  90-percent  increase  in  the  bearing  oil  orifice  area.  Also,  the 
reverse  thrust  bearing  was  modified  to  carry  radial  loads  as  well  as  thrust, 
which  provided  an  additional  bearing  near  the  middle  of  the  shaft.  These  modifi¬ 
cations  reduced  the  critical  speed  to  43, 000  rpm,  and  the  lower  radial  loads 
were  easily  transcended  during  operation. 

The  splined  coupling  between  the  turbodrive  unit  and  the  compressor  rotor  was 
considered  as  a  possible  source  of  excitation  and  was  replaced  with  a  frictionless 
coupling  similar  to  the  one  used  on  the  impeller  rig,  Section  2.4. 1  of  this  report. 
Figure  144  shows  the  final  rotor  configuration. 
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Figure  144.  Diffuser-Rig  Rotor  System. 


(U)  3.  Q.  FABRICATION _QF  RESEARCH  COMPONENTS 


Components  necessary  for  conducting  the  various  impeller  and  diffuser  investi¬ 
gations  were  fabricated  in  2  primary  efforts  corresponding  to  the  work  on  the  2 
test  rigs.  For  the  impeller  test  rig,  a  new  impeller  and  test  section  were  re¬ 
quired  for  each  of  the  4  impeller  configurations;  however,  for  the  diffuser  test 
rig,  1  test-section  design  and  1  impeller  accommodated  all  diffuser  configurations, 
although  variations  in  the  vane  attachments  and  instrumentation  were  required 
for  the  diffuser  designs. 

3.1  IMPELLERS 


Eleven  impellers  were  fabricated:  2  each  for  MF-1,  MF-2,  MF-3sand  RF-1 
(Figure  145),  and  3  workhorse  impellers  (Figure  146).  All  were  fabricated  from 
6A1-4V  titanium  forgings.  On-site  inspection  was  conducted  by  the  contractor’s 
quality  control  personnel;  proof- spinning,  splining,  finish  boring,  and  balancing 
were  performed  in  the  contractors’  facilities. 

The  impellers  were  fabricated  by  using  a  cavity  milling  process  which  involved 
positioning  a  rotary  cutter  on  the  workpiece  by  tracing  a  10-times-size  model  of 
the  surface  to  be  generated.  The  model  of  the  spacing  between  2  blades,  or  the 
cavity,  was  built  with  10-times-size  blade  sections  spaced  at  proper  intervals 
and  filled  with  epoxy;  then  it  was  hand-worked  to  the  required  dimensions  (see 
Figure  147).  The  blades  were  machined  by  milling  out  successive  cavities;  an 
indexing  fixture  was  used  to  position  the  part  for  each  blade.  Other  surfaces 
were  generated  by  standard  machining  practices. 

Machining  tolerances  were  specified  to  produce  impellers  that  provided  the 
aerodynamic  characteristics  and  ensured  economic  fabrication.  Specific  toler¬ 
ances  for  each  impeller  varied  slightly*,  but  in  general,  blade  thickness  was  to 
be  within  ±0. 005  inch  and  blade  contour  was  to  be  within  ±0. 003  inch.  The 
finished  bore  dimensions  were  to  be  within  0. 0004  inch.  Blade  position  was 
required  to  be  radial  within  0. 002  inch  and  to  be  located  within  0. 2  degree  of 
true  position. 

As  part  of  the  fabrication  process,  the  blades  were  machined  towards  the  low  or 
high  tolerance  on  blade  thickness,  as  required  to  balance  the  impeller  within 
0. 020  ounce-inch  about  the  axis  of  rotation. 

3.1.1  INSPECTION  K 

Each  impeller  was  inspected  for  dimensional,  surface  finish,  and  structural 
compliance.  The  dimensional  and  surface  finish  inspections  were  performed  at 
the  vendor’s  plant  by  the  contractor's  quality  control  personnel,  who  used  optical 
templates  with  an  optical  comparator.  Structural  inspection  was  performed  at 
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Figure  145.  Impellers. 


the  contractor’s  facilities,  both  visually  and  with  penetrant  and  magnetic -particle 
inspection  techniques,  for  flaws  and  surface  cracks  after  proof-spin  and  machin¬ 
ing  operations. 

Optical  template  masters  (see  Figure  143)  were  produced  by  a  tape-controlled 
drafting  machine  on  scribe-coat  Mylar  (Figure  148).  The  templates  were  10 
times  actual  size,  drawn  to  an  accuracy  of  ±0.001  inch.  Blade  profiles,  showing 
the  tolerance  band,  were  prepared  in  planes  normal  to  the  impeller  axis  and  at 
various  stations  along  the  axis,  as  illustrated  in  Figure  149. 

3.1.2  PROOF-SPINNING 


Each  impeller  was  proof- spun  to  ensure  the  structural  integrity  of  the  original 
forging.  In  addition,  proof- spinning  introduced  a  permanent  compressive  stress 
at  the  inner  bore,  which  would  reduce  growth  of  the  bore  at  operating  speeds. 
Proof-spin  speed  was  selected  to  produce  an  average  tangential  stress  of  90  per¬ 
cent  of  the  material  yield  stress.  The  bore  diameter  was  left  0.010  inch  under 
the  finish  bore  size  to  allow  for  growth  during  spinning. 

Impellers  were  mounted  on  a  spin  arbor  and  were  dynamically  balanced  to  within 
0.005  ounce-inch  of  imbalance  before  installation  in  the  spin  pit  facility.  The 
arbor  was  attached  to  the  drive  quill  shaft  with  a  shear  pin  as  a  precaution 
against  impeller  damage.  The  spin  pit  was  evacuated  to  0.5  inch  Hg  to  reduce 
impeller- pumping  and  drive-power  requirements.  Impeller  pumping  was  further 
reduced  by  rotating  the  impeller  opposite  the  normal  direction. 

The  MF-2  impeller  did  not  complete  proof-spin  testing  successfully.  The  diffi¬ 
culty  was  traceable  to  the  spin  pit  rather  than  to  the  impeller .  The  report  of  this 
difficulty  is  also  contained  in  Appendix  IV,  along  with  detailed  spin  pit  information. 

3.1.3  BORING  AND  SP  LINING 


An  impeller  and  shaft  were  assembled  as  an  integral  unit;  this  necessitated  that 
close  tolerances  be  used  in  machining  and  aligning  the  bore  and  spline.  The 
bores  were  precision  ground  to  provide  an  interference  fit  of  approximately  0. 0003 
inch  with  the  shaft  and  a  concentricity  between  front  and  aft  bores  of  0.0002  to 
0,0004  inch  to  avoid  misalignment,  which  would  cause  bending  of  the  shaft  and 
adverse  rotor-dynamics  effects.  The  internal  impeller  splines  were  shaped  and 
referenced  to  the  shaft  spline,  which  was  hobbed. 

The  impeller-shaft  assembly  was  checked  for  runout  before  balancing  to  minimize 
material  removal  in  achieving  an  acceptable  balance.  The  impeller  was  rotated 
on  the  shaft  until  optimum  runout  was  reached  and  then  was  indexed,  disassembled, 
and  reassembled  several  times  and  rechecked  to  ensure  reliable  results. 
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Figure  148.  Tape-Controlled  Drafting  Machine. 


Because  some  variations  existed  between  impeller  bores  and  the  mating  shaft,  a 
process  of  plating  and  grinding  the  shaft  to  fit  was  used  rather  than  risking  a 
regrind  of  the  bore. 

3.2  IMPELLER  TEST  SECTIONS 

Test  sections  for  the  4  impellers  were  adaptable  to  a  common  housing.  In  ad¬ 
dition  to  the  impellers,  each  test  section  consisted  of  a  frontplate  and  a  backplate, 
a  collector,  an  impeller  shroud,  and  an  inlet.  The  methods  used  in  the  fabrication 
of  these  components  are  discussed  in  the  following  paragraphs. 

3.2.1  FRONT  COVERPLATES 


Separate  coverplates  were  required  for  each  of  the  4  impellers;  each  had  a 
Kirksite  liner  that  bolted  into  the  plate  to  form  the  shroud  contour,  which  was 
machined  to  the  shape  of  the  impeller  profile  with  a  0.020-inch  allowance  for 
running  clearance.  The  RF-1  coverplate  was  machined  in  1  piece  (excluding  the 
liner)  from  an  AISI  4130  annealed  steel  plate  as  shown  in  Figure  150.  The  first 
step  was  a  roughing-out  operation,  with  excess  left  on  the  controlled  surfaces. 
Three  AISI  4130  webs  (0.25-inch  thick)  were  then  furnace-brazed  to  the  outer 
surface  for  rigidity,  after  v/hich  the  finish  dimensions  were  machined,  except  for 
the  shroud  contour.  The  final  stage  of  machining  was  to  cut  the  shroud  contour 
on  a  tracer  lathe  with  the  Kirksite  liner  installed.  The  holes  for  alignment,  at¬ 
tachment  pins,  and  holts  were  machined  in  the  finished  plate  with  a  precision  jig- 
bore  machine.  The  Kirksite  liners  for  all  4  covers  were  machined  from  a  cast 
block. 

Coverplates  for  the  3  mixed-flow  impellers  were  welded  or  brazed  assemblies, 
because  they  were  longer,  axially,  then  the  RF-1  plate.  This  coverplate  design 
was  dictated  by  limitations  in  sizes  of  materials  available.  The  MF-1  front 
cover,  which  was  the  first  plate  to  be  fabricated,  was  made  initially  by  spinning 
a  0.  25-inch- thick  plate  of  321  stainless  steel  to  a  120-degree  cone,  with  the  in¬ 
side  portion  flared  to  approximately  the  impeller  profile.  This  plate  was  brazed 
with  flanges  and  stiffening  webs.  During  machining  of  the  profile,  the  wall 
thickness  of  the  spun  plate  was  reduced  to  less  than  0. 10  inch  and  the  part  was 
used  only  for  the  mechanical  shakedown  of  the  rig.  A  design  change  was  made, 
and  the  second  part  was  fabricated  in  4  pieces  (plus  webs)  and  brazed  into  an  as¬ 
sembly  (Figure  151).  The  second  part  was  used  for  aerodynamic  testing.  Covers 
for  MF-2  and  MF-3  were  fabricated  from  3  parts  (excluding  the  4  stiffener  webs 
on  each  cover)  rather  than  4,  and  were  similar  in  construction  (Figures  152  and 
153).  The  fabrication  process  was  similar  to  those  previously  discussed. 

Shroud  contours  were  held  within  0. 002  inch  of  the  basic  contour  dimensions,  and 
concentricities  were  held  to  vithin  0.001  inch  on  RF-1  and  MF-1  and  to  within 
0.0005  inch  on  MF-2  and  MF-3.  Flanges  (or  other  mating  surfaces)  were  held 
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Figure  151.  MF-1  Front  Coverpiate. 
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Figure  153.  MF-3  Front  Coverplate. 


parallel  within  0.002  on  MF-1,  0.001  on  RF-1.  and  0.005  on  MF-2  and  MF-3. 
Noncritical  surfaces  were  fabricated  to  a  ±0.010  tolerance. 

3.2.2  BACKPLATES 


Although  the  3  mixed-flow  backplates  were  similar,  a  separate  backplate  was  re¬ 
quired  for  each  impeller.  The  RF-1  backplate  (Figure  154)  was  machined  from 
AISI  4340  plate,  with  eight  0. 25-inch  stiffening  webs  brazed  in  the  back  side.  The 
roughed  out  plate  and  webs  were  heat  treated  to  140, 000  psi  (prior  to  brazing  at 
2150°  to  2175°  F  in  a  hydrogen  atmosphere  for  30  minutes).  All  finish  dimensions 
were  machined  after  brazing. 

The  mixed-flow  backplates  formed  a  cone  angle  of  120  degrees,  and  all  were  3- 
piece  assemblies,  excluding  the  webs.  A  center  cone  plate  with  an  inner  flange 
that  mated  with  the  rotor  housing  and  with  an  outer  flange  that  mated  with  the 
collector  was  typical  of  all  3  mixed-flow  backplates.  The  MF-1  backplate  was 
fabricated  from  321  stainless,  whereas  MF-2  and  MF-3  backplates  were  fabri¬ 
cated  from  AISI  4340  and  AISI  4130,  respectively.  The  cone  plates  for  MF-1  and 
MF-2  were  formed  from  0.  25-  and  0.50-inch  plate,  respectively,  with  a  radial 
seam  weld  at  the  joint  as  shown  in  Figure  155.  The  MF-3  backplate  cone,  how¬ 
ever,  was  machined  from  a  solid  plate.  The  MF-1  and  MF-2  backplates  were 
brazed  assemblies  similar  to  that  of  the  RF-1,  but  the  MF-3  backplate  was  a 
welded  assembly  with  stress  relief  prior  to  final  machining.  Figures  156,  157, 
and  158  show  cross-sectional  views  of  the  MF-1,  MF-2,  and  MF-3.  The 
dimensional  tolerance  requirements  were  consistent  with  the  respective  front- 
cover  assemblies. 

3.2.3  COLLECTOR 

One  collector  (Figure  159)  was  fabricated  and  used  for  all  test  sections  and  was 
attached  to  the  front  cover  and  backplate.  The  collector  was  made  by  spinning  2 
half  tori  out  of  0.06-inch-thick  321  stainless  steel,  which  were  seam-welded  into 
a  complete  donut.  This  torus  was  reworked  to  include  adapter  flanges  and  2  ex¬ 
haust  port  holes.  The  flange  surfaces  were  machined  to  the  proper  dimensions 
to  complete  the  collector.  The  mean  torus  diameter  was  20.35  inches,  and  the 
inside  diameter  of  the  cross  section  was  4.0  inches.  To  maintain  dimensions 
under  load,  8  pins  were  brazed  in  both  flanges,  as  shown  in  Figure  159. 

3.2.4  INLETS 


The  inlets  (Figure  160)  were  similar  for  each  rig.  They  consisted  of  2  fairings 
(inner  and  outer),  matched  to  the  impeller  inlet  dimensions.  The  fairings  were 
welded  in  place  with  airfoil  struts.  The  front  of  the  inlet  was  flared  to  provide  a 
smooth  transition  between  the  large  inlet  plenum  and  the  straight  section  of  the 
inlet.  All  wetted  surfaces  were  blended  to  eliminate  surface  discontinuities. 


223 


Diffuser 

Wail 


Figure  155.  Backplate  Cone. 

The  hub  fairing  was  machined  internally  to  accept  the  portion  of  the  shaft  that 
protruded  beyond  the  impeller,  and  final  machining  was  done  after  assembly  to 
ensure  proper  alignment  with  the  impeller  hub. 

3.3  DIFFUSERS 


Four  sets  of  diffuser  vanes  were  fabricated  initially:  DI-1,  DI-2,  DI-3,  and 
DC-1.  Three  additional  sets  of  vane-islands  were  made  later  in  the  program  as 
variations  of  the  originals.  The  DC-1  cascade  vanes  were  machined  in  1  piece 
from  AISI  4130  steel.  The  first  3  vane-island  sets  were  made  by  tracing  a  vane 
model  on  a  hydraulic-head  milling  machine  and  by  drilling  the  pin  holes  on  a 
precision  jig  bore;  all  surfaces  and  holes  were  referenced  to  tooling  holes  in  each 
vane  blank.  DI-1  was  321  stainless,  but  all  others  were  AISI  4130  or  tool  steel 
for  easier  machining.  The  later  vane- island  sets  were  set  up  in  tooling  fixtures 
and  were  ground  on  a  surface  grinder,  which  allowed  finishing  all  vanes  in  a  set 
together  and  eliminated  the  need  for  a  model.  Figure  161  shows  2  examples  of  the 
vane-islands. 

3.3.1  INSPECTION 


The  first  3  vane-island  sets  were  inspected  on  an  optical  comparator  by  using 
optical  templates  (Figure  162)  similar  to  the  impeller  inspection  templates 
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Figure  156.  MF-1  Backplate. 
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Figure  162.  Vane-Island  Inspection  Chart. 


(Section  3.1.1).  The  other  vane-islands  were  inspected  with  standard  instru¬ 
ments,  and  the  tooling  fixtures  were  used  as  reference.  Profiles  were  to  be 
within  0.002  inch  of  the  basic  contour  for  all  vanes,  and  holes  were  to  be  located 
within  0.001  inch  of  true  position. 
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3,4  DIFFUSER  TEST  SECTIONS 


Test  sections  for  the  4  diffusers  were  fabricated  from  1  basic  design,  consisting 
of  an  inlet,  inlet  guide  vanes,  front  coverplate,  backplate.and  collector.  Three 
cover pnae-backplate  pairs  were  fabricated  because  of  the  different  installation 
and  L  s'rumentation  requirements  for  the  various  vane  sets.  DI-1  and  DI-2  used 
a  common  pair.  The  other  test  section  components  were  used  for  all  diffuser 
configurations. 

3.4.1  COVERPLATES 


The  coverplates  were  2-piece  brazed  assemblies,  machined  from  321  stainless 
steel  with  integral  stiffener  webs  (Figure  163).  Exterior  surfaces  were  finish- 
machined  before  brazing.  The  static-pressure-tap  tubing  was  brazed  in  place 
during  the  assembly-brazing  operation,  as  shown  in  Figure  163.  The  shroud 
contours  and  diffuser  walls  were  machined  in  1  operation  on  a  tracer  lathe  after 
brazing.  Shroud  contours  were  held  to  within  0.003  inch  of  the  basic  contour,  and 
concentricities  were  held  to  within  0.001  inch.  Holes  for  fasteners  and 
instrumentation  (except  for  static  taps)  were  machined  in  the  finished  part  on  a 
precision,  jig-bore  machine  to  within  0. 001  inch  of  true  position.  Other  tolerances 
were  ±0.010  inch  for  noncritical  surfaces.  A  front  cover,  with  the  inlet  extension 
and  inlet  guide  vane  assembly  attached,  is  shown  in  Figure  164. 

Stainless  steel  was  selected  for  the  coverplates  (and  backplates  described  in  the 
following  section)  because  of  its  corrosion-resistant  properties  at  the  high 
operating  temperatures  predicted  for  this  rig.  However,  this  advantage  was 
negated  by  the  thermal  gradients  in  the  coverplate,  combined  with  the  rate  of 
thermal  expansion  (50  percent  higher  than  steel)  which  caused  warpage.7and  the 
flat  surface  of  the  diffuser  wall  became  dished  after  several  operating  cycles. 

3.4.2  BACKPLATES 


Backplates  were  machined  in  1  piece  from  321  stainless  steel  plate,  with  integral 
stiffener  webs  similar  to  those  for  the  coverplates.  Static-tap  tubing  was  swaged 
in  place  before  final  machining,  as  described  in  Section  5.0.  Other  holes  for 
fasteners,  vane-locating  pins,  and  instrumentation  were  machined  on  a  precision 
jig-bore  machine.  Figure  165  shows  a  backplate  with  the  collector  attached  and  a 
vane  set  installed.  Dimensional  tolerances  for  the  backplates  were  consistent 
with  those  for  the  coverplates. 

3.4.3  COLLECTOR 

The  collector  was  fabricated  in  the  same  manner  as  the  collector  for  the  impeller 
tc  sections,  except  that  there  were  no  structural  ties  between  the  2  flanges. 
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Figure  163.  Diffuser-Rig  Front  Coverplate. 
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Figure  1G4.  Coverplate  and  Inlet. 
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Figure  165.  Backplate  With  Vane-Islands  and  Collector. 


3,4.4  INLET 


The  inlet  (refer  to  Figure  164)  was  fabricated  from  aluminum  and  was  similar  to 
the  ones  for  the  impeller  test  sections  of  Section  3.2.4. 

3.4.5  INLET  GUIDE  VANES 

The  leading  edges  of  the  guide  vanes  were  stationary  with  adjustable  trailing 
edges.  The  leading  edges  and  mounting  rings  were  brazed  into  an  assembly  that 
installed  into  the  outer  housing.  The  trailing  sections  pivoted  on  pins  located 
about  midchord  of  the  vane  assembly;  they  were  rotated  by  a  slave  ring  and  pin 
arrangement,  as  shown  in  Figure  166.  Figure  167  shows  the  inlet  guide  vane 
components.  The  vane  angle  was  remotely  adjustable  by  using  a  motorized  drive 
to  actuate  the  slave-ring  lever. 
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Figure  166.  Inlet  Guide  Vane  Construction. 


(U)  4.0  INSTRUMENTATION 


Items  of  instrumentation  used  in  measuring  the  various  impeller-shroud  pres¬ 
sures,  diffuser  pressures,  impeller  discharge  temperature,  impeller  stress, 
and  rotor  thrust  are  described  in  the  following  sections.  Figure  168  shows  the 
various  types  of  probes  used.  Other  special  instrumentation  is  also  discussed  in 
this  section. 

4.1  PRESSURE-MEASUREMENT  INSTRUMENTATION 


Total-pressure  rakes  (3  probes  each)  were  designed  to  measure  discharge 
profiles  across  the  impeller  tip.  Several  rakes  were  designed  with  different 
probe  spacings  (Figure  169).  Two  rakes  were  located  at  different  circumferential 
positions ;  the  center  probe  of  each  rake  was  at  the  same  depth  from  the  wall  so 
that  data  could  be  compared.  By  this  means,  a  pressure  profile  of  5  data  points 
was  measured  from  the  2  rakes,  with  a  check  at  the  center  point.  Details  of 
probe  size  and  design  are  also  shown  in  Figure  169. 

A  yaw-pressure  probe  was  also  installed  at  the  impeller  tip  to  measure  flow  angle 
and  total  pressure.  The  yaw  probe  is  shown  in  Figure  170.  The  probe  tip  was 
cantilevered  from  a  stem  that  extended  across  the  passage.  The  stem  was 
anchored  in  both  walls  to  minimize  probe  flutter. 

The  rakes  and  yaw  probes  were  calibrated  for  angle  sensitivity  in  a  small  wind- 
tunnel  section  with  a  Mach  capability  of  1.3  (Figure  171).  Typical  results  are 
shown  in  Figure  172. 

Static-pressure  taps  were  installed  in  accordance  with  Reference  19.  The  taps 
had  0.020-inch-diameter  holes  with  sharp  corners.  Figure  173  shows  the  static- 
pressure  taps  in  a  backplate  of  the  diffuser  rig  with  an  8-vane-island  diffuser. 

Kiel  probes  were  installed  in  the  diffuser  passages  to  measure  total  pressure. 
These  probes  were  designed  with  a  0. 10-inch-diameter  venturi-type  throat. 

A  traversing  total-pressure  probe  was  installed  in  the  side  wall  of  the  diffuser 
rig  to  measure  pressure  along  a  streamline  from  the  impeller  tip  through  the 
diffuser  passage.  Figure  174  shows  the  path  of  this  traversing  probe.  The 
probe-tube  was  designed  to  slide  in  a  slotted  track  embedded  in  the  diffuser  wall, 
with  a  total-pressure  probe  mounted  on  the  end  of  the  sliding  tube.  Figure  175  is 
a  sketch  of  the  probe  design,  and  Figures  176  and  177  are  photographs  cf  a  work¬ 
ing  model  of  the  probe.  The  model  was  fabricated  before  its  installation  in  the 
rig  to  prove  the  concept.  In  the  diffuser  test  rig,  the  probe  was  traversed  by  a 
remote-control  actuator.  The  pressure  probe  was  fabricated  from  0.018-inch- 
diameter  tubing.  This  size  was  the  smallest- practical  to  maintain  reasonable 
strength  and  to  minimize  blockage,  flow  disturbance,  and  plugging. 
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Figure  170.  Yaw  Pressure  Probe. 


Static-pressure  transducers  were  used  in  the  vaneless  space  to  determine  static- 
pressure  fluctuations  from  the  impeller  tip.  A  transducer  with  a  water-cooled 
jacket  was  used  for  these  measurements  (Figure  178).  This  transducer  was 
selected  for  its  small  size  and  high-frequency  response;  with  water  cooling, 
it  could  be  used  at  the  temperature  level  of  the  impeller  tip. 

The  digital  data  system  was  designed  to  measure  pressures  at  184  stations.  This 
system  (Figure  179)  consisted  of  eight  24-channel  cutoff  valves;  a  storage  volume 
for  each  pressure;  4  Scanivalves,  which  were  used  to  port  the  stored  pressures  to 
4  pressure  transducers;  and  the  2010G  system,  which  included  a  digital  voltmeter 
and  a  paper  tape  punch. 

When  each  data  point  was  recorded,  the  pressures  were  trapped  in  the  storage 
volumes  and  then  were  measured  in  groups  of  46  with  2  reference  pressures.  The 
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Figure  172.  Three- Probe  Rake  Calibration. 
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Figure  179.  Digital  Data  System. 
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pressures  in  each  group  were  sequentially  sampled  by  a  pressure  transducer,  and 
the  signal  from  the  transducer  was  transferred  to  the  digital  voltmeter  and  fed  to 
the  paper- tape  punch.  The  pressures  were  read  at  a  rate  of  7  per  second.  After 
the  pressures  were  recorded  on  punched  paper  tape,  the  cutoff  valves  were 
opened  and  the  system  was  ready  for  the  next  data  point. 

4.2  TEMPERATURE-MEASUREMENT  PROBES 


Probes  to  measure  air  temperature  just  outside  of  the  impeller  tip  were  selected 
for  minimum  size  and  high  accuracy.  Each  was  made  as  small  as  possible  to 
minimize  airflow  disturbance.  The  temperature  probe  (Figure  180)  was  cali¬ 
brated  in  a  small  wind  tunnel  to  check  the  predicted  recovery  correction  for  Mach 
number.  The  effect  of  the  pulsating-flow  stream  on  probe  accuracy  was 
thoroughly  evaluated.  An  analysis  was  conducted,  including  a  critique  of  the 
temperature-probe  design,  to  determine  this  effect,  and  the  results  are  presented 
in  Appendix  VII. 

4.3  IMPELLER-STRESS  MEASUREMENT 

In  measuring  impeller  stress,  strain  gages  and  a  slip-ring  assembly  developed  by 
the  contractor  were  used.  After  the  strain  was  measured,  it  was  recorded  and 
then  reproduced.  The  system  is  described  in  the  following  paragraphs. 


Figure  180.  Slotted- Shield  Total- Temperature  Probe. 
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4.3.1  STRAIN  GAGES 


Baldwin- Lima- Hamilton,  Type  ABF-19S6-WL,  l/8-inch  constantan- wire-grid, 
bakelite-base  strain  gages  were  used  to  instrument  the  impeller.  All  strain 
gages  on  the  impeller  were  from  the  manufacturer’s  Lot  Number  B-29-BO;  they 
had  a  gage  factor  of  1.99  ±3  percent. 

Extension  lead  wires  were  attached  to  the  strain  gages  before  they  were  cemented 
on  the  impeller.  The  leads  were  No.  32  AWG  solid  conductors  with  baked-on 
enamel  insulation.  Leads  were  attached  to  the  strain  gages  by  first  removing 
about  0.25  inch  of  insulation  from  the  lead  ends.  The  ends  were  twisted  together 
with  the  strain-gage  leads,  and  the  lead  ends  were  then  fused  using  a  heli-arc- 
welding  process. 

Preparation  of  titanium  for  strain-gage  installation  required  careful  evaluation  of 
the  chemicals  used.  The  common  degreaser,  trichloroethylene,  could  not  be 
used  because  of  halogenation.  However,  the  standard  metal  conditioners  and 
neutralizer  solutions  supplied  by  most  strain-gage  manufacturers  could  be  used 
where  the  temperature  of  the  titanium  parts  was  less  than  700°  F.  Beyond  700°  F, 
titanium  is  subject  to  hydrogen  embrittlement. 

For  the  impeller-stress  test,  the  impeller  surface  was  degreased  by  soaking  the 
areas  to  be  instrumented  in  Dow  Chemical  Company  19AC-E-Z  Strip,  and  by 
following  this  with  repeated  washings  in  household  ammonia.  The  surface  was 
then  sanded  lightly  and  washed  with  metal-conditioner  and  neutralizer  solutions. 

A  base  coat  of  cement  about  0. 001- inch  thick  was  immediately  applied  to  areas  oi. 
which  the  strain  gages  and  lead  wires  were  to  be  placed  to  ensure  adequate  bond¬ 
ing  of  the  strain  gage  installation.  This  base  coat  was  required  because  titanium 
rapidly  forms  a  very  thin,  dense,  self- protective  oxide  coating  upon  exposure  of 
the  surface  to  normal  atmosphere.  This  oxide  coating  is  an  inherent  corrosion- 
protection  reaction  similar  to  that  produced  by  aluminum  alloys;  however,  such 
coatings  restrict  the  strength  of  critical  bond  fastenings.  The  cement  used  was  a 
2-part  epoxy.  Curing  of  the  cement  took  5  hours  at  350°  F. 

A  preliminary  test  specimen  of  titanium  was  prepared  to  verify  the  strain-gage 
installation  procedure  before  instrumenting  the  impeller.  Strain  gages  were 
mounted  on  the  specimen  to  test  the  cement  in  shear  and  tension  under  actual 
centrifugal  loads  and  temperatures  (Figure  181). 

An  8-ring,  water-flooded,  slip-ring  system  was  used  for  the  impeller- stress  test. 
The  55,  000-rpm  test  requirement  was  about  one-half  the  slip-ring  capability.  A 
special  connector  assembly  was  fabricated,  and  the  receptacle  was  designed  tc 
shrink-fit  within  the  impeller-hub  face. 
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Figure  181.  Strain-Gage  Installation  (Test  Specimen). 
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Figures  182  and  183  show  the  receptacle  mounted  in  the  hub  face.  The  connector- 
assembly  plug  was  mounted  directly  on  the  slip-ring  flexible  drive  shaft.  Two 
threaded  studs  held  the  plug-receptacle  assembly  together —  16  female  pins  were 
installed  on  the  impeller  receptacle  and  8  male  pins  on  the  slip-ring  plug.  The 
pin-pattern  design  enabled  repositioning  of  the  slip-ring  connector  (180  degrees 
with  respect  to  the  impeller)  so  that  a  different  set  of  pins  could  be  mated  if 
desired.  This  design  permitted  installing  twice  the  number  of  strain  gages  that 
could  be  handled  by  an  8-ring  system  and  increased  its  utility.  The  added 
capability  was  used  to  compare  strain  data  from  2  separate  impeller  blades. 

The  slip-ring  assembly  was  cradled  in  an  enclosed  support  duct  at  the  diffuser- 
rig  inlet.  The  duct  was  tapered  to  prevent  airflow  restrictions,  and  the  core  of 
the  duct,  which  supports  the  slip  ring,  was  held  in  place  by  4  thin  vanes.  Two 
of  the  vanes  carried  cooling  water  and  instrumentation  leads  to  the  slip-ring  as¬ 
sembly.  Figure  184  shows  the  duct  installed  on  the  rig  and  opened  for  slip-ring 
access. 

4.3.2  STRAIN-GAGE  DATA-RECORDING  METHODS 


Because  only  dynamic  strain-gage  data  were  required,  potentio metric  circuitry 
was  used.  A  1200-ohm  ballast  resistor  was  used  in  series  with  each  120-ohm 
strain  gage,  and  the  outputs  were  capacitively  coupled  to  the  amplifiers.  Rings 
1  through  6  were  used  for  strain-gage  data,  and  Rings  7  and  8  were  paralleled 
for  power  return. 

Resistance  of  the  strain  gages  after  installation  (Rg’)  and  strain-gage  and  lead- 
wire  resistance  (Rgf  +  RL)  were  measured  to  the  nearest  0. 1  ohm.  Gage-factor 
sensitivity  compensations  (K’)  were  computed  by: 


K’ 


R  ’ 
g 


+  R, 


(K) 


(26) 


where: 

K  is  the  gage-factor  nominal  value  specified  by  the  fabricator. 
Strain  gages  were  calibrated  with  shunt  resistors  using: 


Strain  (microinches/inch)  * 


R  f  +  R_ 

- S - h - /K,x 

(R  »  +  Rt  +  R  y  ' 
v  g  L  s' 


(27) 
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Figure  182.  Slip-Ring  Connector  (Side  View). 
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Figure  184.  Slip-Ring  Installation,  Impeller -Stress  Test, 


where: 


R_  is  the  calibration  shunt  resistor. 

o 


Gage-factor  sensitivity  compensation  for  temperature  was  not  necessary  because 
the  metal  temperature  wa.5  below  300°  F  in  the  areas  where  strain  gages  were  in¬ 
stalled;  strain  gages  were  not  necessary  in  the  higher  temperature  regions  near 
the  impeller  tip  because  of  the  shorter,  stiffer  blade  sections  in  this  region. 

J>jring  the  test,  strain-gage  data  were  recorded  on  a  light-beam  oscillograph  and 
an  FM  magnetic-tape  recorder.  Figure  185  shows  the  data-recording  system 
setup.  The  oscillograph  was  operated  at  low  speed  to  produce  a  condensed  picture 
of  the  strain  profile  with  no  frequency  resolution.  A  binary  code,  prerecorded  on 
the  magnetic  tape,  was  reproduced  on  the  oscillograph  for  precise  time  reference 
for  the  reproduction  of  strain  data  from  the  FM  tape.  The  magnetic -tape  recorder 
was  operated  at  60  inches  per  second  to  permit  time-base  expansion  during  data 
reproduction  for  increased  frequency  resolution  of  the  strain-gage  data.  Strain 


Figure  185.  Impeller-Stress  Data-Recording  Setup. 
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signals  were  monitored  visually  on  an  oscilloscope  during  the  impeller- stress 
test.  In  addition  to  the  strain  data,  shaft  speed,  rig  temperatures  and  pressures, 
and  guide  vane  positions  were  also  recorded  on  the  oscillograph.  Data  desired 
for  reproduction  were  selected  from  the  condensed  oscillograph  recordings  and 
were  located  by  using  the  binary  code.  These  data  points  were  then  reproduced 
from  the  magnetic  tape  onto  the  oscillograph  at  reduced  tape  speed  and  increased 
oscillograph  speed  for  better  resolution  of  both  strain-gage  amplitude  and 
frequency. 

4.4  ROTOR-THRUST  MEASUREMENT 


Rotor  thrust  was  measured  and  adjusted  during  impeller-rig  testing  to  maintain 
an  acceptable,  positive  axial  load  on  the  thrust  bearing.  Thrust  was  measured  by 
placing  strain  gages  on  3  of  the  4  flexural  members  of  the  thrust-bearing  cage. 
Each  flexural  member  had  a  rectangular  cross  section  of  0. 105  by  0. 110  inch. 
Four  foil  gages  with  a  nominal  gage  length  of  1/32  inch  were  used  on  each  of  the 
3  members;  2  active  gages  and  2  poisson  (temperature-compensating)  gages  con¬ 
nected  to  form  a  half-bridge.  The  strain-gage  instrumentation  is  shown  in 
Figure  186.  Two  gages  were  necessary  in  each  bridge  leg  to  increase  gage 
sensitivity,  because  stress  levels  of  the  bearing  cage  were  low.  See  Figures  187 
and  188  for  gage  installation. 

Gages  were  attached  with  a  two-part  epoxy  cement  and  cured  for  4  hours  at  350°  F. 
Bearing-cage  load  was  calibrated  with  a  universal  testing  machine,  and  tempera¬ 
ture  was  calibrated  in  a  controlled- temperature  oven.  Calibration  ranges  were  0 
to  300  pounds  of  load  at  70°  to  300°  F. 

Bridge-completion  resistors  were  located  at  the  recording  equipment  and  were 
thermally  insulated  to  avoid  temperature  errors.  Each  of  the  3  bridges  was  con¬ 
nected  to  a  bridge-balance  and  power-supply  unit,  to  a  dc  amplifier,  and  to 
indicating  meters  of  1-milliampere  sensitivity.  The  panel-mounted  meters  were 
located  in  the  test  control  area  so  that  the  bearing  thrust-load  could  be  monitored 
constantly.  Adjustments  in  balance  pressure  were  made  during  rig  operation  to 
keep  the  load  within  the  specified  bearing  limits. 

Shunt  resistors  provided  meter  calibration  before  the  rig  runs.  Because  low 
strain  was  measured,  hysteresis  and  gage -temperature  sensitivity  affected  the 
signal  output.  In  addition,  the  copper  lead  wires  connecting  the  half- bridge  to 
the  outside  bridge-completion  resistors  and  power  supply  were  subject  to 
temperature  variations.  The  resistance  change  in  these  lead  wires  from  the 
temperature  changes  further  contributed  to  degradation  of  signal-output  accuracy. 
Typical  strain-gage  levels  were  300  microinches  per  inch  for  300  pounds  of  load. 
Later  calibrations  were  made  by  attaching  weights  to  the  shaft-bearing  assembly 
through  a  system  of  pulleys,  and  these  calibrations  were  set  for  a  full-scale  load 
of  200  pounds.  Hysteresis  and  nonrepeatability  were  typically  as  high  as  50 
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Figure  186.  Rotor-Thrust-Measurement  Instrumentation. 


Figure  188.  Radial-Bearing-Cage  Accelerometer  and  Thermocouple. 
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pounds.  In  addition,  temperature  drift  during  rig-test  runs  varied  from  150  to 
200  pounds  in  a  negative  direction.  By  maintaining  the  meter  at  midscale  through 
balance-pressure  adjustment,  the  bearing  thrust-load  was  never  more  than  300 
pounds  and  was  always  positive. 

4.5  OTHER  SPECIAL  INSTRUMENTATION 

Examples  of  other  special  instrumentation  used  to  evaluate  impeller-  and  diffuser- 
rig  testing  included:  (1)  a  proximity-probe  system  consisting  of  a  detector  and 
detector-driver,  (2)  bearing-cage  accelerometers,  and  (3)  a  rub- sensor  probe 
developed  by  the  contractor  for  measuring  impeller-tip- to- shroud  clearance. 

4.5.1  PROXIMITY  PROBE 


A  proximity- probe  system  was  used  during  modal  balance  and  testing  to  monitor 
rotor-shaft  displacement.  This  system  consisted  of  a  sensor  (or  detector)  and  an 
oscillator-demodulator  or  detector -driver.  A  12-  to  18- volt  dc  power  supply  was 
required  to  power  the  detector -driver.  Output  signals  varied  from  zero  to 
power-supply  voltage,  and  output  impedance  was  250  ohms.  System  frequency 
response  was  adequate  to  handle  the  1000-Hz  maximum  signal  frequency  from 
shaft  rotation. 

The  sensor  was  an  eddy-current  sensitive  device  that  consists  of  a  coil  of  fine 
wire  mounted  on  the  probe  tip.  A  high-frequency  current,  supplied  by  the 
detector-driver  is  passed  through  the  coil ;  the  resultant  magnetic  field  induces 
eddy  currents  in  the  nearby  shaft.  Loading  of  the  coil  (or  ac  coupling)  caused  the 
coil  impedance  to  vary,  depending  on  the  proximity  of  the  coil  to  the  shaft  surface. 
The  impedance  change  was  detected  by  the  detector-driver  as  a  phase  change,  and 
a  dc  signal  proportional  to  proximity  resulted. 

The  detector,  mounted  in  the  test-rig  housing,  operated  satisfactorily  in  a 
MIL-L-23699  lubrication- oil  environment  at  temperatures  to  200°  F.  Calibration 
was  accomplished  by  moving  the  probe  away  from  the  shaft  surface  and  by 
measuring  the  distance  moved  by  the  probe  with  a  dial  indicator.  Calibration 
range  from  the  shaft  surface  was  0.010  to  0.030  inch. 

The  detector-driver  output  was  attenuated  and  fed  into  a  dc  amplifier.  The  output 
of  the  dc  amplifier  provided  sufficient  output  current  to  drive  a  high-frequency, 
light-beam  galvanometer  in  a  direct-writing  oscillograph  recorder,  as  shown  in 
Figure  189.  System  accuracy  was  limited  by  the  dial  indicator  and  calibration 
method  but  was  within  ±0. 0005  inch. 
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Figure  189.  Shaft  Displacement  Measurement  (Block  Diagram). 
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4.5.2  BEARING-CAGE  ACCELEROMETERS 


Accelerometers  were  mounted  on  the  thrust-  and  radial-bearing  cages  to  measure 
vibrational  loads  on  the  bearings.  Accelerometer  installations  are  shown  in 
Figures  187  and  188.  The  accelerometers  were  O-ring-shaped  piezoelectric 
types.  They  weighed  11  grams  and  were  about  0. 25  inch  high.  They  were 
attached  to  the  bearing  cage  with  a  6-32  bolt  through  the  accelerometer  center. 

The  accelerometers,  cable  connector,  and  about  0.5  inch  of  cable  were  potted 

with  an  epoxy  cement  to  protect  them  from  the  MIL-L-23699  lubrication-oil 

environment.  Each  of  the  accelerometers  was  connected  to  an  electrostatic-  • 

charge  amplifier,  a  dc  amplifier,  and  a  high-frequency  light-beam  galvanometer 

on  a  direct-writing  oscillograph  recorder.  This  setup  is  shown  in  Figure  190. 

The  accelerometers  and  associated  charge  amplifiers  were  calibrated  on  a 
vibration  exciter  before  installation  on  the  bearing  cages.  The  resultant  cali-  ♦ 

bration  was  in  volts  per  g  of  acceleration  at  a  given  frequency.  System  calibra¬ 
tion  was  recorded  by  input  of  a  voltage  equivalent  to  the  desired  acceleration  at 
the  calibration  frequency.  Normal  calibration  range  was  100  g  peak-to-peak,  full 
scale;  dynamic  system  accuracy  was  estimated  as  ±10  g. 

4.5.3  ACTUATED  RUB  SENSORS 

Impeller-tip-to-shroud  clearance  was  measured  at  various  speeds  with  a  foil- 
tipped  rub-sensor  probe.  The  probe  consisted  of  a  loop  of  constantan  foil,  1/64- 
inch  wide  and  0.001-inch  thick,  stretched  around  the  wedge-shaped  end  of  a  two- 
hole  cylindrical  alumina  insulator.  Heavier  copper  wires  were  resistance- 
welded  to  the  foil.  The  foil  insulator  assembly  was  inserted  into  a  metal-tube 
sheath,  and  its  wedge-shaped  end  was  potted  with  ceramic  cement  so  that  only  the 
foil  at  the  tip  of  the  wedge  was  exposed.  The  copper  wires  were  terminated  at  an 
electrical  connector  on  the  opposite  end  of  the  probe.  Figures  191  and  192  illus¬ 
trate  the  steps  in  the  construction  of  a  rub  sensor.  An  electric  current  was 
passed  through  the  probe,  and  the  electrical  continuity  of  the  probe  was  sensed 
with  a  silicon-controlled  rectifier  circuit.  When  the  foil  tip  was  rubbed  by  the  * 

impeller,  the  foil  broke  and  a  signal,  both  audible  and  visible,  was  received  by 
the  test  operator.  The  probe  was  traversed  by  a  subminiature  probe  actuator. 

The  actuator  was  mounted  on  the  impeller  shroud,  and  control  and  indication  of 

probe  travel  were  provided  by  a  remote  control  and  switch  box.  Calibration  was  « 

accomplished  by  comparing  the  probe  travel,  as  measured  by  a  height  gage,  with 

the  control-box  travel  indication.  Each  time  a  probe  was  rubbed,  a  new  probe  had 

to  be  installed.  Overall  system  repeatability,  run-to-run  at  the  same  speed,  was 

±0. 005  inch. 
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Figure  191.  Rub- Sensor  Fabrication. 
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Oft  5,0  TESl  EQUIPMENT  AND  PROCEDURES 


Procedures  discussed  in  this  section  are  for  mechanical  checkout  and  aero¬ 
dynamic  tests  of  the  impellers  and  diffusers  and  their  Boeing-built  turbodrive 
units.  Two  rigs  were  used,  each  consisting  of  a  compressor  unit  and  a  turbodrive 
unit  connected  by  a  flexible  coupling.  The  rigs  were  identified  as  an  impeller 
test  rig  for  impeller  studies  and  as  a  diffuser  test  rig  for  diffuser  studies. 

The  compressor  performance  tests  were  conducted  at  the  contractor's  develop¬ 
ment  laboratories.  Figure  193  is  a  photograph  of  the  impeller  and  diffuser  test 
setups  in  the  Development  Laboratories  Test  Cell  8.  This  facility  was  equipped 
for  installation  and  operation  of  the  two  test  rigs  with  minimum  downtime  for 
changeover.  Figure  194  is  a  sketch  of  the  test-cell  area  and  shows  the  location  of 
compressor-inlet  air  and  exhaust  stacks  and  cell  dimensions. 

5.1  IMPELLER  TEST  RIG 

The  impeller  test  rig  is  shown  in  Figure  195.  The  basic  design  concept  of  this 
unit  provided  a  common  rotor  system  that  accommodated  the  interchangeable 
MF-1  and  RF-1  impeller  test  sections,  which  were  the  2  units  tested. 

Five  MF-1  impeller  performance  tests  were  conducted  from  December  1964 
through  March  1966.  Six  RF-1  performance  tests  v/ere  made  during  December 
1965  through  August  1966.  Data  obtained  and  the  configuration  used  for  each  test 
are  reported  in  Section  6.0  of  this  reports  Mechanical  checkout  tests  and  results 
are  discussed  in  this  section  and  in  Appendix  III. 

The  impeller  was  powered  by  a  high-speed  (80, 000  rpm  maximum)  turbodrive  unit 
with  an  axial-flow  turbine  designed  to  produce  252  horsepower  at  68,  500  rpm  with 

3. 2  pounds  per  second  of  airflow.  The  turbodrive  unit  was  connected  to  the 
compressor  through  a  frictionless  flexible  coupling.  This  coupling  was  a  change 
in  the  original  concept  to  eliminate  forced  vibration  excitation,  which  occurred 
with  the  splined  quill  shaft  used  in  the  initial  design. 

5.2  DIFFUSER  TEST  RIG 


The  diffuser  test  rig  (Figure  196)  was  designed  to  accommodate  4  basic  configura¬ 
tions:  DI-1,  DI-2,  DI-3,  and  DC-1.  The  first  3  were  vane-island  diffusers  (see 
Figure  165)  and  DC-1  was  a  single-stage  cascade  diffuser  (see  Figure  93).  The 
rig  was  also  used  in  a  vaneless  configuration.  The  DI-1  and  DI-2  diffusers  were 
8-channel  configurations;  and  DI-3,  16-channel. 

Three  radial-flow  workhorse  impellers  were  used  in  the  program.  One  impeller 
used  in  the  checkout  tests  suffered  blade  damage  because  thermal  distortion  of 
the  impeller  shroud  and  elastic  deformation  of  the  impeller  caused  mechanical 
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Figure  193.  Diffuser-Rig  and  Impeller-Rig  Cell  Installation. 
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Figure  194.  Plan  View  of  Test-Cell  Area. 
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Figure  liM>.  Diffuser  Test  Rig, 


rub  between  the  blades  and  the  shroud.  Diffuser-rig  mechanical  checkout  and 
results  are  discussed  in  this  section  and  in  Appendix  HI.  A  second  impeller  was 
used  for  the  impeller-blade  stress  investigation.  The  third  impeller  was  used 
for  the  aerodynamic  performance  tests  (Figure  197). 

The  diffuser  test  rig  was  driven  by  a  radial- inflow  turbine  unit,  capable  of  pro¬ 
ducing  1280  horsepower  at  55,  000  rpm,  with  1200°  F  turbine-inlet  temperature 
and  about  7.9  pounds  per  second  of  airflow.  As  in  the  impeller  studies,  this 
turbodrive  unit  was  also  connected  to  the  compressor  through  a  frictionless, 
flexible  coupling.  The  turbodrive  unit  is  shown  in  Figure  198. 

5.3  SUPPORT  EQUIPMENT 

Support  equipment  for  the  test  rigs  included  a  high-pressure  air  supply,  facilities 
for  dynamic  balancing,  and  test  cells  with  associated  control  equipment. 

5.3.1  AIR  SUPPLY 


Air  supply  for  turbodrive  operation  was  obtained  from  either  of  two  high-flow- 
capacity,  motor-driven  air  compressors  located  near  the  test  cell.  A  1500- 
horsepower  positive- displacement  compressor  (Figure  199)  delivered  a  maximum 
airflow  of  9  pounds  per  second  at  a  discharge  pressure  of  145  psig.  A  2500- 
horsepower  centrifugal  compressor  (Figure  200)  provided  oil-free  air  at  a  maxi¬ 
mum  rate  of  9  pounds  per  second  with  a  100-  to  300-psig  discharge  pressure. 
Each  of  the  2  compressors  met  the  impeller  and  diffuser  turbodrive  air  require¬ 
ments  and  both  were  used.  Figure  201  gives  the  performance  details  of  the 
centrifugal  compressor. 

5.3.2  COMPONENT  DYNAMIC  BALANCING 


Precision  dynamic  balancing  of  rotor  components  and  assemblies  was  accom¬ 
plished  before  each  rig  buildup.  Two  dynamic-balancing  machines  were  available. 
Figure  202  shows  one  with  a  sensitivity  of  0.003  ounce-inch  at  speeds  of  from 
1000  to  2000  rpm.  Figure  203  shows  another  with  a  sensitivity  better  than  0. 001 
ounce-inch  at  speeds  of  from  1000  to  3000  rpm.  The  balancing  procedure  was  an 
iterative  process;  small  amounts  of  material  were  ground  off  the  components  to 
offset  the  imbalance  (indicated  by  the  machine)  in  as  many  steps  as  were  required 
to  obtain  an  acceptable  balance. 

Individual  components  were  balanced  separately  before  a  final  assembly  balance. 
Impellers  were  balanced  on  special  arbors  machined  to  fit  each  individual 
impeller.  The  shaft  for  the  impeller  rig  was  balanced  with  the  bearing  installed 
on  the  shaft,  but  the  shaft  for  the  diffuser  rig,  which  used  hydrodynamic  bearings, 
was  not. 
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Figure  197.  Workhorse  Impeller. 
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Figure  199.  Positive-: 
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Brake  Horsepower  Discharge  Pressure  (psia) 


Figure  201.  Centrifugal  Air  Compressor  Performance  Curve. 
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Figure  203.  Dynamic  Balancing  Machine. 


5.3.3  TEST-CELL  CONTROL  CONSOLE 


The  test  control  console  and  operating  instruments  are  shown  in  Figure  204.  The 
control  panel  was  equipped  with  instruments  for  monitoring  bearing  temperatures, 
compressor  and  turbine  air  temperatures,  seal  and  thrust-balance  air  pressures, 
lubrication  pressures,  and  compressor  speed.  Temperature  measurements  of 
compressor  and  turbine  bearings  and  of  turbine  inlet  air  were  monitored  to 
protect  against  overheating.  Automatic  safety-trip  circuits  were  used,  and 
allowable  limits  were  preset  in  each  of  these  temperature  indicators. 

Two  magnetic  speed  pickups  were  used  on  each  of  the  2  turbodrive  units  —  one 
pickup  provided  the  overspeed  trip  signal  and  the  other  an  accurate  compressor- 
speed  readout.  An  electronic  counter  with  an  accuracy  of  0.025  percent 
(company  quoted)  was  connected  to  the  compressor-speed  pickup.  Compressor 
speed  was  adjusted  manually  at  the  console  by  controlling  the  turbodrive  fuel  and 
airflow  rates.  Compressor  and  turbodrive  vibration  was  monitored  with  vibration 
meters. 

5.4  PERFORMANCE  D^iA  ACQUISITION 

Performance  data  were  recorded  manually  and  with  electronic  recording  equip¬ 
ment.  Temperatures,  some  pressures,  speed,  and  impeller  clearance  were 
recorded  manually,  however,  most  of  the  pressure  data  were  recorded  on  the 
digital  data  system.  The  instrumentation  equipment  used  for  these  tests  is  dis¬ 
cussed  in  detail  in  Section  4.0. 

5.4. 1  IMPELLER  AERODYNAMIC  INSTRUMENTATION 

Instrumentation  for  the  MF-1  and  RF-1  test  sections  included  static-pressure  taps 
in  the  inlet,  shroud,  vaneless  diffuser,  and  collector;  total-pressure  probes  at 
the  impeller  inlet  and  exit;  tota1  :«  iperature  probes  at  the  impeller  inlet  and 
exit,  and  in  the  collector  ;  and  .»  c.  .ic-pressure  dynamic  transducer  at  the 
impeller  exit.  The  probes  at  the  impeller  exit  were  removeable  to  permit  per¬ 
formance  evaluation  without  the  influence  of  flow  disturbances  created  by  these 
probes.  Figure  205  is  an  example  of  the  hookup  identification  sheets. 

The  static-pressure  taps  in  the  front  and  rear  impeller  shrouds  were  sharp- 
edged,  0.020-inch-diameter  holes.  The  pressure  connections  to  the  static  taps 
were  stainless- steel  tubes,  0.042  inch  in  diameter,  which  were  silver  brazed  in 
0. 125- inch-diameter,  drilled  copper  slugs  about  0.3  inch  long.  These  slugs  were 
staked  into  0.128-inch-diameter  holes,  concentric  with  the  static  taps,  in  the 
back  of  the  plates.  The  0. 042-inch  tubes  extended  about  .15  inches  from  the  plates 
and  were  connected  to  the  cell  pressure  manifold  with  0. 125-inch-diameter  nylon 
tubing  and  compression  fittings. 
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Compressor-inlet  total  pressure  was  measured  with  three  Kiel  probes,  individu¬ 
ally  connected  to  a  water  manometer  board  and  recorded  manually.  Total  pres¬ 
sure  at  the  impeller  tip  was  obtained  with  total- pres  sure  rakes  and  yaw  probes. 
Angle  setting  of  the  fixed  total -pres sure  rake  was  determined  from  the  yaw-angle 
measurement  for  each  test  speed  and  flow  condition.  Impeller-tip  total  pressure 
was  recorded  both  manually  and  on  the  digital  data  system. 

Compressor -discharge  static  pressure  in  the  collector  was  measured  at  six  tap 
locations  around  the  outer  circumference  of  the  collector.  Collector  pressures 
were  recorded  manually  and  on  the  digital  data  system.  A  0  to  200  psig  gage  was 
used  for  manual  readout.  Six  thermocouples  installed  adjacent  to  the  collector 
static-pressure  taps  measured  the  compressor-discharge  air  temperature,  and 
one  thermocouple  at  the  impeller  exit  measured  the  impeller-discharge  tempera¬ 
ture.  Compressor-inlet  air  temperature  was  measured  with  3  thermocouples 
located  in  the  inlet  duct  at  three  different  depths.  The  compressor  inlet  and  dis¬ 
charge  thermocouples  were  AWG-20  bare-wire  iron-constantan  junction  type. 

MF-1  and  RF-1  impeller  data  ootained  from  initial  tests  indicated  the  need  for 
faster- response  pressure  measurements  in  the  vaneless  passage.  A  microsecond- 
rise-time  dynamic  pressure  transducer  was  installed  in  the  front  shroud  near  the 
impeller  tip  to  measure  static-pressure  fluctuation  in  the  vaneless  passage. 
Results  from  these  measurements  are  given  in  Section  6. 0. 

5.4.2  DIFFUSER  AERODYNAMIC  INSTRUMENTATION 


Instrumentation  used  in  the  diffuser  analyses  included  static-pressure  taps  in  the 
inlet,  shroud,  diffuser  channels,  and  collector;  total- pressure  and  total- 
temperature  probes  in  the  inlet,  at  the  impeller  exit,  and  in  the  diffuser  channels; 
and  total-temperature  probes  in  the  collector. 

Static -pres sure  wall  taps  (0.0 20- inch-diameter)  were  machined  in  the  front  and 
rear  diffuser  plates.  Three  rows  in  I  channel  were  used.  The  78  static -pres sure 
taps  machined  in  the  front  diffuser  plate  were  matched  with  an  equal  number  at 
the  same  locations  in  the  backplate.  Diffuser-channel  static -pres sure  tap  hookup 
to  the  digital  data  system  used  the  same  forms  as  those  for  the  impeller  tests 
(Figure  205). 

Static  pressures  along  the  impeller  shroud  were  measured  at  4  radial  stations, 
with  2  pressure  taps  180  degrees  apart  at  each  station.  Three  impeller-inlet 
static-pressure  taps,  120  degrees  apart,  were  installed  in  both  the  inner  hub  and 
outer  shroud  of  the  variable  inlet  guide  vane.  Static  pressure  upstream  of  the 
inlet  guide  vane  along  the  inner  and  outer  shrouds  was  measured  with  3  pressure 
taps  on  each  surface,  positioned  in  line  with  the  downstream  static-pressure  taps. 
Flush- machined,  0.020- inch-diameter  hypodermic  tubing  was  used  for  the  inlet 
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static-pressure  taps.  Compressor-inlet  static  pressure  was  connected  to  2.95 
specific -gravity  fluid-manometer  banks  and  was  recorded  manually. 

Compressor-inlet  total  pressure  was  measured  with  three  Kiel  total-pressure 
probes,  spaced  at  120-degree  intervals  in  the  bellmoth  inlet  duct.  The  probes 
were  positioned  at  the  center  of  3  equal-area  radial  sections  of  the  inlet  to  obtain 
the  average  total  inlet  pressure.  Three  compressor-inlet  bare-wire  thermo¬ 
couples  were  installed  imimsdiately  upstream  of  the  Kiel  total-pressure  probes  at 
different  circumferential  locations. 

Impeller-exit  total  pressure  was  measured  with  total-pressure  yaw  probes,  3- 
probe  rakes,  and  a  diffuser-channel  total-pressure  traversing  probe.  Impeller- 
exit  total  pressure  at  various  depths  from  the  wall  was  obtained  by  traversing  the 
yaw  probes  and  aligning  them  with  the  direction  of  flow.  To  define  the  angle  of 
flow  at  the  impeller  exit,  the  probe  was  set  visually  on  the  radial  centerline,  a 
position  defined  at  the  mechanical- zero  angle.  However,  visual  angle  setting  of 
the  probe  was  not  within  the  required  accuracy  of  1  degree  needed  for  data 
analysis  because  the  short  (0.2  inch)  probe  length  was  not  sufficient  for  true 
alignment  with  the  radial  centerline.  Therefore,  the  compressor  section  was 
partially  assembled  with  1  of  the  bladeless  dummy  rotors  (Figure  206),  and  an 
aerodynamic  zero-angle  calibration  was  made.  Impeller-inlet  airflow  was 
directed  by  the  dummy  impeller  to  a  true  radial-flow  field  at  the  yaw-probe 
station,  as  shown  in  Figure  207. 

Aerodynamic  zero,  or  reference  angle,  was  then  determined  by  balancing  the 
probe  outside  pressure  ports.  Total  pressure  at  3  fixed  depths  across  the  pas¬ 
sage  was  obtained  with  the  3-probe  rake  aligned  in  the  flow  direction. 

Diffuser  midchannel  total-pressure  measurements  were  made  with  a  0.020-inch- 
diameter  traversing  probe  (refer  to  Figures  174  and  175,  Section  4.0).  Pres¬ 
sures  were  measured  at  9  stations  extending  0. 060  inch  from  the  impeller  tip  to 
within  1  inch  of  the  diffuser  exit.  The  different  channel  stations  at  which  total 
pressures  were  measured  are  described  in  Section  6.0. 

Compressor-discharge  pressure  was  obtained  from  four  wall  static-pressure  taps 
installed  at  different  circumferential  positions  around  the  collector.  Collector 
pressure  was  recorded  manually  to  make  preliminary  map  plots,  and  it  was 
recorded  on  the  digital  data  system  for  each  test  speed. 

Temperatures  used  in  analyzing  compressor  performance  were  measured  on  a 
circular  potentiometer  with  a  range  of  0°  to  800°  F.  Temperatures  were  recorded 
manually  on  the  data  sheet  shown  in  Figure  208.  Thermocouples  used  in  the  tests 
were  calibrated  periodically. 
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Figure  207.  Yaw  Probe  Zero- Angle  Calibration. 

■» 

Bare-wire  iron-constantan  thermocouples  were  used  to  measure  compressor- 
inlet  and  collector  air  temperatures.  Three  were  used  to  measure  compressor- 
inlet  air  temperature,  and  6  to  12  thermocouples  installed  at  various  depths  in 
the  collector  were  used  to  obtain  an  average  collector-discharge  temperature 
for  the  analytical  computations. 

Impeller-exit  total  temperature  was  measured  with  a  split- shield  thermocouple 
probe  positioned  at  the  same  flow  angle  as  the  total -pres sure  yaw  probe.  Im¬ 
peller-exit  total  temperatures  were  measured  in  the  vaneless  passage  at  three 
depths  to  determine  a  temperature  profile .  When  the  exit  profile  was  not  well 
defined  by  measurements  at  three  stations,  additional  probes  were  used. 

The  total-temperature-probe  reference  angle  was  established  by  visual  alignment 
with  the  rig  radial  centerline  in  a  manner  similar  to  that  used  with  the  total- 
pressure  yaw  probes.  The  probe  was  rotated  to  the  approximate  operating  flow 
angle  to  prevent  contact  with  the  impeller;  later  it  was  adjusted  to  coincide  with 
the  flow  angle  measured  by  the  yaw  probe.  This  was  the  procedure  used  for  each 
depth  traversed  and  each  flow  condition.  An  electrical  actuator  and  a  mechanical 
actuator  were  used  to  rotate  and  traverse  this  probe. 

5.4.3  COMPRESSOR  AIRFLOW  MEASUREMENT 


Compressor  airflow  was  measured  with  a  7-inch-throat-diameter  nozzle,  and  a 
5.46-inch-diameter  A.S. M. E.  nozzle.  The  flow  nozzle  was  mounted  at  the 
entrance  of  the  60-cubic-foot  plenum  chamber  shown  in  Figure  209.  A  2- foot- 
diameter  by  2-foot-long  extension  duct  preceded  the  flow  nozzle  and  acted  as  a 
flow  straightener.  An  air-baffle  wall  between  the  test  cell  and  the  plenum  intake 
prevented  air  circulation  within  the  cell  that  could  cause  a  variation  in 
compressor- inlet  temperature. 

Flow-nozzle  pressure  measurements  were  made  with  a  C-  to  16-inch  water  (AP) 
inclined  manometer  (Figure  210).  Resolution  accuracy  of  this  instrument  was 
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Figure  208.  Sample  Data  Sheet  for  Temperatures. 
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200.  Compressor  Inlet  Plenum  Chamber. 
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0.01-mch  water.  Three  static -pres sure  taps  in  the  plenum-chamber  wall  at  the 
flcw-nozzle-exit  plane  were  connected  in  parallel  to  the  low-pressure  side  of  the 
man  jmeter.  The  high-pressure  side  of  the  manometer  was  referenced  to  the 
flow- nozzle- inlet  ambient  total  pressure.  This  instrument  was  calibrated 
periodically  and  was  checked  for  pressure  leaks  before  each  test. 

5.4.4  DIGITAL  DATA  SYSTEM 

Most  compressor- performance  pressure  data  were  recorded  by  the  digital  data 
system;  Figure  211  shows  1  of  the  2  test-cell  pressure  manifolds,  with  provision 
for  300  pressure  connections.  Nylon  tubing  (1/8  inch  in  diameter)  was  used  to 
transmit  impeller  and  diffuser  pressures  from  the  manifolds  to  the  digital  data 
system.  After  a  minimum  pressure-stabilization  period  of  5  minutes  at  the 
required  performance  condition,  the  digital  data  system  read-command  circuit 
was  energized;  the  pressures  were  trapped  and  retained  in  storage  volumes  within 
the  system.  The  pressure  in  each  storage  volume  was  then  ported  sequentially  to 
a  transducer,  and  the  output  from  this  transducer  was  digitally  recorded  on 
punched  paper  tape.  A  known,  accurate  reference  pressure  was  recorded  on  the 
tape  with  the  performance  data  for  each  cycle.  The  reference  pressure  was  used 
to  verify  that  no  appreciable  calibration  drift  of  the  electronic  measuring  system 
had  occurred  during  the  test. 

All  pressure  lines  were  tested  for  leaks  before  each  test,  and  the  data  system 
was  pressure-calibrated  before  and  after  each  test  run.  Digital  data  system 
pressure-calibration  data  were  used  in  the  computer  program  to  reduce  the 
measured  pressure  data  to  tabulated  engineering  units.  Pressure  data  not 
compatible  with  the  pressure  range  of  the  data  system  were  recorded  manually. 
Typical  data  sheets  used  for  manual  pressure  recording  are  shown  in  Figures  212 
and  213.  Manual  readout  of  compressor-map  data  permitted  preliminary  per¬ 
formance  analysis.  The  pressure  gages  equipped  with  suitable  multiple  inputs, 
as  shov  n  in  Figure  214,  were  used  for  manual  readout  of  pressures  from  0  to 
300  inches  Hg  and  from  0  to  200  psig.  The  manometer  banks  (also  shown  in 
Figure  214)  were  used  to  measure  compressor- inlet  and  shroud  pressures  below 
atmospheric  pressure.  Manometer  readings  were  recorded  manually.  Meriam 
2. 9 5- specific -gravity  fluid  and  water  were  the  manometer  fluids. 

5.5  TEST-RIG  OPERATING  PROCEDURES 


Operating  procedures  for  both  rigs  were  established  to  ensure  operation  within 
mechanical  limits.  These  procedures  consisted  of  4  basic  steps:  (1)  prestart 
checklist;  (2)  start  and  low-speed  operation  (to  25,  000  rpm);  (3)  high-speed 
operation;  and  (4)  shutdown. 
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Figure  212.  Sample  Data  Sheet  for  Pressures. 
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Figure  213.  Sample  Data  Sheet  for  Pressures. 


5.5.1  IMPELLER  RIG  OPF*?  A. TION 


Mechanical  limitations  for  the  impeller  rig  compressor  and  turbodrive  units 
(presented  in  Table  XII)  were  determined  by  design  analysis  and  experimental 
evaluation. 

A  prestart  inspection  was  made  of  the  bearing-  and  oil-temperature  thermo¬ 
couples,  the  oil  supply.,  and  the  rig  assembly.  The  compressor-load  valve  was 
opened  to  prevent  low-speed  surge,  oil-supply  pumps  were  started  and  regulated, 
and  turbodrive  seal  air  and  oil-mist  valves  were  turned  on  and  set.  The 
compressor-unit  thrust-bearing  strain-gage  system  was  reset  and  checked  for 
readout,  and  the  turbodrive  thrust-balance  pressure  indicator  was  pressure- 
tested.  A  separate  lubrication  cart  was  used  (Figure  215). 

The  rig  was  started  by  applying  air  to  the  turbodrive  rotor  and  by  rotating  at 
5000  rpm  for  5  minutes.  With  the  turbine  cooling  air  set  at  45  psig,  the  rotor 
speed  was  increased  to  13,  000  rpm,  at  which  speed  the  turbine  burner  was 
ignited.  Compressor  and  turbodrive  thrust  loads  and  thrust-balance  pressures 
were  monitored  continually  and  were  adjusted  to  maintain  thrust  within  the 
prescribed  limits.  All  other  indicators  were  observed  during  operation  for 
normal  running  condition.  If  an  abnormal  condition  were  noted,  an  emergency 
switch  was  actuated  to  shut  down  the  rig.  Operation  in  a  compressor  surge 
condition  was  prevented  by  a  surge-relief  valve  parallel  to  the  compressor- 
discharge  back-pressure  valve,  which  was  actuated  by  pressure  fluctuations 
accompanying  the  start  of  surge;  the  compressor  was  then  returned  to  full  flow. 
The  back  pressure  was  maintained  slightly  below  the  knee  of  the  compressor  map 
during  speed  transition. 

The  procedure  for  shutdown  was  to  decelerate  slowly  to  20, 000  rpm,  while 
maintaining  proper  back  pressure  and  safe  bearing- thrust  loads.  After  a  5- 
minute  stabilization  period  at  this  speed,  the  turbine  fuel  .^as  shut  off,  and  the 
speed  was  reduced  further  to  10,  000  rpm  for  another  5-minute  period  to  allow 
cooling  of  the  rig  components.  The  turbine  air  was  shut  off,  which  stopped  the 
rig;  this  was  followed  by  a  complete  shutdown  of  all  systems. 

Modal  Balance 


Included  in  the  preparations  for  rig  testing  of  the  impeller  was  the  modal  balance 
of  the  compressor  rotor  to  allow  operation  through  the  thM  critical  speed 
(Appendix  V).  This  procedure  required  repeated  runs  at  slightly  below  the  critical 
speed  to  establish  amount  and  angular  location  of  a  compensating  imbalance 
weight  placed  at  the  front  end  of  the  impeller  shaft.  An  example  of  the  reduction 
in  displacement  amplitude  by  this  method  is  given  in  Figure  217. 
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TABLE  XH 


IMPELLER-RIG  MECHANICAL  LIMITATIONS 


Impeller- Test  Rig  Operational  Limits 

Maximum  Rotor  Speed 

- } 

59, 000  rpm 

Maximum  Bearing-Outer-Race  Temperature 

300°  F 

Continuous  Maximum*  Positive  Thrust  Load 

80  pounds 

Maximum  Positive  Thrust  Load  for  Less  Than  1  Minute 

300  pounds 

Maximum  Thrust- Balance-Disk  Pressure 

55  psig 

Maximum  Center-Shaft  Displacement 

2  mils  (peak-to-peak) 

Maximum  Bearing-Support  Vibration 

Forward  Bearing-Support  Acceleration 

Rear  Bearing- Support  Acceleration 

120  g  (peak-to-peak) 
100  g  (peak-to-peak) 

Maximum  Housing  Vibration  (0  to  2000  cps) 

Housing  Acceleration 

Housing  Displacement 

10  g 

0.5  mil  (peak-to-peak) 

Bearing  Inlet  Oil  (MIL-L-7808)  Pressure 

20  to  25  psig 

Maximum  Bearing- Support  Oil  (MIL-L-7808) 

Damper  Pressure 

50  to  60  psig 

Impeller  Turbodrive  Operational  Limits 

Maximum  Rotor  Speed 

77, 000  rpm 

Maximum  Bearing-Outer-Race  Temperatures 

300°  F 

Thrust- Balance-Disk  Pressure  Schedule 

(Figure  216) 

Maximum  Housing  Vibration  (0  to  2000  cps) 

Housing  Acceleration 

Housing  Displacement 

10  g 

0.5  mil  (peak-to-peak) 

Maximum  Design  Pressure  Ratio 

5:1 

*In  direction  of  impeller  inlet. 
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igure  215.  Impeller-Rig  Lubrication  Cart. 
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Rotor  Speed  (rpm  x  10“3) 


Figure  216.  Impeller-Rig  Turbodrive  Unit  Thrust-Disk  Pressure. 


Running  Clearance 

Relative  movement  between  the  impeller  and  shroud,  caused  by  thermal  distortion 
of  the  shroud  and  forward  bending  of  the  impeller,  was  determined  with  tip- 
clearance  sensors  (rub  sensors)  for  various  speeds  to  establish  buildup  clearances 
that  would  give  the  desired  0.020- inch  running  clearance.  Initially,  fixed  rub 
sensors  were  installed  in  the  shroud  at  various  depths  (0.010,  0.020,  0.030,  and 
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0.050  inch)  to  provide  the  relationship  between  Clearance  and  speed,  shown  in 
Figures  218  and  219.  Mechanically  actuated  sensors  later  were  used  for  this 
purpose,  and  the  fixed  rub  sensors  were  used  to  warn  the  operator  of  impending 
impeller  rub.  The  diffuser  passage-width  measurements,  shown  in  Figures  218 
and  219,  were  made  with  actuated  electrical -contact  probes. 


0.060 


0.040 


0.030 


Shroud  Clearance 


Diffuser-Passage  Width 


Rotor  Speed  (rpm  x  10"3) 


Figure  218.  Impeller-Shroud  and  Diffuser-Passage  Width  Reductions  (RF-1). 
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Figure  219.  Impeller-Shroud  and  Diffuser -Pas  sage  Width  Reductions  (MF-1). 


5.5.2  DIFFUSER-RIG  OPERATION 

Mechanical  limitations  for  the  diffuser  rig  compressor  and  turbodrive  units  are 
presented  in  Table  Xm. 

A  prestart  inspection  was  made  of  the  bearing,  lubrication  oil,  and  nozzle-box 
thermocouples  along  with  the  oil  supply  and  the  rig  assembly.  The  oil  pumps 
were  turned  on  and  the  pressure  was  regulated;  air  pressures  were  set  for  cooling 
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TABLE  Xm 


DIFFUSER-RIG  MECHANICAL  LIMITATIONS 


Compressor  Unit  Operational  Limits 

Maximum  Rotor  Speed 

50, 000  rpm 

Maximum  Oil  Inlet  Temperature 

110°F 

Maximum  Bearing  Temperature 

200°  F 

Bearing  Manifold  Oil  Inlet  Pressure 

(Figure  220) 

Compressor  Forward  Carbon  Seal  Air 

30  psig 

Maximum  Thrust  Disk  Pressure 

5  psig 

Maximum  Sustained  Housing  Vibration  (0  to  2000  cps) 

10  g 

Turbodrive  Unit  Operational  Limits 

Maximum  Rotor  Speed 

50,  000  rpm 

Maximum  Oil  Inlet  Temperature 

110°F 

Maximum  Bearing  Retainer  Temperature 

200°  F 

Bearing  Oil  Inlet  Pressure 

(Figure  220) 

Turbodrive  Forward  Air  Labyrinth  Seal 

5  psig 

Turbodrive  Aft  Turbine  Cooling  Air 

10  psig 

Turbine  Nozzle  Box  Temperature 

800  to  100°F 

Maximum  Housing  Vibration  (0  to  2000  cps) 

10  g 

313 


of  the  turbine  rotor  and  for  the  seals  and  thrust-balance  disks  on  both  units.  The 
rig  was  started  by  delivering  high-pressure  air  to  the  turbine  and  by  accelerating 
slowly  to  13, 000  rpm.  This  speed  was  held  for  3  to  5  minutes.  If  the  ring¬ 
bearing  temperature  rise  exceeded  50°  F  during  this  period,  it  was  an  indication 
that  the  bearing  was  not  floating  properly  because  of  excess  oil  pressure  and  that 
a  restart  with  reduced  oil  pressure  was  necessary.  Bearing  oil  inlet  pressure 
was  regulated  as  shown  in  Figure  220. 

With  the  ring-bearing  temperature  rise  below  50°  F,  the  turbine  burner  was 
ignited,  and  the  speed  was  increased  in  5, 000-rpm  increments  until  the  desired 
operating  speed  was  reached.  Operation  in  the  compressor-shaft  critical- speed 
range  (42, 000  to  45, 000  rpm)  was  avoided  by  rapidly  accelerating  through  it.  As 
with  the  impeller  rig,  the  compressor-discharge  backpressure  was  maintained 
just  below  the  knee  of  the  compressor  map  during  speed  transition  and  an  auto¬ 
matic  surge-relief  valve  was  in  parallel  with  the  backpressure  valve.  Also,  an 
emergency  shutdown  switch  was  available,  and  rub  sensors  were  used  to  warn  of 
an  impending  impeller  rub. 

The  procedure  for  rig  shutdown  was  to  decelerate  slowly  (except  in  the  critical- 
speed  range)  to  20,000  rpm.  After  5  minutes  at  this  speed,  to  allow  rig  cooling, 
the  turbine  burner  was  turned  off,  and  the  speed  was  reduced  to  10, 000  rpm  for 
another  5-minute  cooling-off  period.  The  rig  was  then  stopped  and  the  oil- 
pressure  pump  was  turned  off.  Operation  of  the  oil- scavenge  pump  was  continued 
10  to  15  seconds  to  allow  complete  draining  of  the  system.  Seal  air  and  turbine 
cooling  air  were  left  on  until  the  oil  inlet  pressure  reached  zero. 

Impeller-Stress  Test  Procedure 

A  workhorse  impeller  was  tested  with  strain  gages  attached  to  4  impeller  blades 
to  determine  the  vibratory  blade  stresses,  frequencies,  and  modes  over  the 
entire  compressor  map.  Section  4.0  discusses  the  instrumentation  required,  and 
Appendix  VI  gives  a  detailed  account  of  the  test.  Figure  221  shows  the  rig  with 
test  equipment  installed. 

Stress-  and  map-performance  data  were  recorded  simultaneously  at  constant 
speed  intervals  of  500  rpm  from  24, 000  to  55, 000  rpm.  Data  were  recorded 
from  50, 000  rpm  down  to  24, 000  rpm,  and  then  from  50, 500  rpm  to  55,  000  rpm. 
The  compressor  flow  valve  was  varied  from  full  flow  to  surge  during  each  speed 
run.  At  surge,  the  automatic  relief  valve  was  used  to  return  the  compressor  to 
full  flow.  The  inlet  guide  vane  angle  was  set  at  zero  degrees  for  all  speed -line 
data  except  35, 000  and  50, 000  rpm,  the  points  of  maximum  vibratory  stress. 

For  these  2  speeds,  the  inlet  guide  vane  angle  was  varied  between  +40  and  -20 
degrees. 
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Figure  220.  Diffuser-Rig  Inlet  Oil  Pressure  Versus  Rotor  Speed. 


315 


Six- Channel 

Flex  Drive  Coupling—  Slip- Ring  Unit 


1 


Figure  221.  Impeller  Stress-Test  Setup. 


Data  were  recorded  continuously  on  oscillographs  and  on  a  magnetic-tape 
recorder.  Also,  compressor-map  data  were  recorded  manually  at  4  speed  lines 
and  compared  with  the  oscillograph  traces.  Run  time  at  each  speed  line,  except 
for  the  manual-data-recording  speeds,  was  held  to  less  than  2  minutes  to 
preserve  strain-gage  life. 
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(C)  6.0  TEST  RESULTS  (U) 


This  section  of  the  report  presents  the  results  of  the  impeller  and  diffuser 
testing.  During  the  Army  centrifugal -compressor  research  program,  3  impeller 
configurations  and  4  diffuser  configurations  were  tested.  In  addition,  modifica¬ 
tions  to  the  basic  impeller  and  diffuser  configurations  were  made,  and  these 
modifications  were  also  tested.  Performance  data  from  impeller  and  diffuser 
tests  are  presented  in  Sections  6.1.4  and  6.2,  respectively. 

6.1  IMPELLERS 


This  section  presents  the  test  plan,  performance  measurements,  calculated  inlet 
and  exit  vector  diagrams,  modifications,  and  test  results.  A  single  test  rig  for 
the  impeller  configurations  was  planned.  This  test  rig  was  designed  to  achieve 
the  best  balance  in  the  instrumentation  required  for  adapting  1  rig  to  several 
different  impellers. 

6.1.1  MF-1  IMPELLER 


The  MF-1  impeller  test  results  and  data  were  derived  by  using  a  systematic  test 
plan  to  establish  impeller  performance  and  to  determine  the  necessary  test 
modifications . 

r 

Test  Plan 


Table  XIV  gives  the  test  plan  for  the  MF-1  impeller.  Data  are  presented  for  the 
tabulated  tests,  and  each  data  set  is  identified  by  test  number.  Data  taken  during 
the  tests  included: 

1)  Inlet  total  temperature; 

2)  Inlet  total  pressure; 

3)  Inlet  airflow; 

4)  Static  pressures  along  the  impeller  shroud; 

5)  Static  pressures  along  the  inlet  duct  shroud; 

6)  Static  pressures  along  the  inlet  duct  hub; 

7)  Impeller-exit  total  pressure  (rake) ; 
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TABLE  XIV 

MF-1  IMPELLER  TESTS  WITH  VANELESS  DIFFUSER 


Impeller  Speed 


Test  Number 

(rpm) 

Remarks 

3401 

34, 000 

51, 300 
55,000 

Mechanical  checkout  test. 

3401 A 

20,000 

30, 000 

34, 000 

40, 000 

45,  000 

50, 000 
51,300 

Mechanical  checkout  test. 

3402 

34,000 

Aerodynamic  test 

45,  500 

(0.056-inch  tip  clearance 

51,500 

57,  000 

at  static  condition). 

340 2 A 

34, 000 

Aerodynamic  test 

39, 000 

(0.030-inch  tip  clearance 
at  static  condition). 

3405 

35, 000 

Investigation  of  vaneless 

40, 000 

45, 000 
50,000 

52,  000 

54, 000 

55, 000 

56, 000 
57,000 

diffuser  rotating  stall. 
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8)  Impeller-exit  yaw-probe  flow  angles ; 

9)  Impeller-exit  total  temperature; 

10)  Static  pressure  at  the  impeller  exit; 

11)  Static  pressure  along  the  vaneless-diffuser  wall; 

12)  Collector  temperature; 

13)  Collector  static  pressure; 

14)  Vaneless-diffuser  total  pressure. 

Performance  Measurements 


To  define  the  impeller  performance,  the  following  information  was  required: 

1)  Temperature  rise; 

2)  Pressure  rise; 

3)  Vector  diagrams  ; 

4)  Slip  factor; 

5)  Blockage  factor. 

In  addition,  a  rotating- stall  condition,  which  significantly  affected  performance, 
was  encountered  during  testing;  investigation  of  this  stall  required  additional 
measurements. 

Compressor  Temperature  Rise  —  To  determine  adiabatic  efficiency,  compressor 
temperature  was  measured  at  2  places  —  the  impeller  exit  and  the  collector.  It 
had  been  expected  that  these  2  measurements  would  provide  agreement  consistent 
with  heat-transfer  losses  (8°  to  10°  F)  between  the  impeller  exit  and  collector. 
However,  the  test  data  showed  a  temperature  differential  much  greater  than 
expected,  the  difference  being  approximately  60°  F. 

For  the  MF-1  impeller,  the  requirement  for  flow-angle  measurements  in  cio3(> 
proximity  to  the  rotating  impeller  restricted  the  rotation  of  inner-radius  yaw 
probes.  For  this  reason,  complete  tip- flow  angle  data  .were  not  obtained. 
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Two  phenomena  were  observed  in  the  MF-1  tests  that  were  believed  to  have  re¬ 
sulted  in  the  larger-than-expected  impeller-tip-to-coilector  temperature  dif¬ 
ferential.  These  were  early  flow  separation  in  the  impeller  and  rotating  stall  in 
the  vaneless  diffuser,  both  of  which  affected  the  mass  average  from  the  total- 
temperature  rake  at  the  impeller  exit.  It  was  believed  that  separation  upstream 
from  the  rake  caused  turbulent,  separated  flow  in  the  region  of  1  or  more  of  the 
thermocouples.  The  remaining  thermocouples  were  believed  to  be  located  in  a 
region  of  high  temperature  gradient.  With  separated  flow  across  part  of  the 
impeller  tip,  and  a  high  temperature  gradient  across  the  remaining  exit  area, 
meaningful  mass-averaged  total-temperature  data  were  difficult  to  obtain.  The 
rotating  stall  in  the  vaneless  diffuser,  with  associated  backflow  and  turbulence  at 
the  impeller  exit,  also  made  it  difficult  to  accurately  determine  the  total  tem¬ 
perature. 

Another  cause  that  might  have  contributed  to  the  large  temperature  differential 
was  shroud  clearance.  Backflow  through  the  clearance  gap  could  have  introduced 
a  reheat  effect,  thus  locally  raising  the  impeller-exit  temperature  with  respect 
to  the  collector  temperature.  To  investigate  the  adequacy  of  the  instrumentation 
at  the  impeller  exit,  a  research  program  sponsored  by  the  contractor  was  begun. 
This  program  is  discussed  in  detail  in  Appendix  VIII. 

To  provide  a  basis  for  comparing  the  performance  of  the  impellers  tested,  col¬ 
lector  temperature  was  used  in  all  3  configurations  (MF-1,  RF-1,  and  workhorse) 
for  calculation  of  adiabatic  efficiency.  In  analyzing  MF-1  temperature  data,  a 
temperature-rise  factor  was  calculated.  This  factor,  which  is  defined  by 
Equation  28,  is  *he  ratio  of  the  actual  enthalpy  change  of  the  air  to  the  theoretical 
enthalpy  change. 


TRF  =  LAh‘mPeller)  (J> 


U2 


(28) 


where: 


TRF 


=  temperature-rise  factor 


Ah. 


impeller 


total  enthalpy  change  of  air  passing  through 
the  impeller  (BtuAb) 


=  gravitational  constant  (32.17  ft/sec  ) 
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J  =  mechanical  equivalent  of  heat 

(778.3  ft-lb/Btu) 

=  peripheral  speed  at  impeller  tip  (fps) 


Pressure  Rise  —  As  discussed  previously,  the  yaw-probe  data  were  not  obtained 
in  all  tests.  Therefore,  in  some  cases,  the  impeller-exit  total  pressures  could 
not  be  mass-averaged.  In  Tests  3402  and  3402A,  an  indirect  mass  average  was 
obtained  by  using  measured  outer-radius  yaw-probe  data  and  a  typical  flow-angle 
profile  obtained  during  concurrent  testing  with  the  workhorse  impeller.  The 
measured  exit  total  pressures  for  Tests  3402  and  3402A  (MF-1)  are  shown  in 
Section  6.4. 1.  The  same  factors  that  contributed  to  the  uncertainty  of  accuracy 
in  the  impeller-exit  temperature  measurements  also  affected  impeller-exit  total- 
pressure  measurements.  One  of  the  additional  instrumentation  research  studies 
discussed  in  Appendix  Vm  was  total -pres sure  measurement  in  pulsating  fields. 

An  impeller-performance  map,  based  on  the  indirect  mass-averaged  total  pres¬ 
sure  and  temperature  measured  at  the  collector,  was  plotted  (Figure  225).  The 
circumferential  variations  of  impeller-exit  static  pressure  in  Tests  3402  and 
340 2A  were  al<*o  prepared. 

Inlet  Vector  Diagrams  —  Data  required  for  the  inlet  vector  diagrams  included 
(1)  inlet  static  pressures  in  the  duct,  (2)  inlet  total  temperature,  and  (3)  inlet 
total  pressure.  The  inlet  vector  diagrams  and  plots  of  incidence  variations  along 
the  Udde  for  Tests  3402  and  3402A  are  presented  in  Figures  237  and  238  and 
Figures  241  and  242  respectively. 

Exit  Vector  Diagrams  —  The  calculation  of  tL?  exit  vector  diagrams  is  dependent 
on  determination  of  the  mass-averaged  values_of  total  pressure,  total  tempera¬ 
ture,  and  flow  angie.  The  integrated  airflow,  W,  is  given  by  the  equation 
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where: 

4.881 

= 

dimensional  constant 

y 

= 

the  ratio  of  specific  heats  (C  /C  ) 

p  V 

H 

= 

total  passage  width  at  survey  station  (inches) 

h 

= 

distance  across  passage  at  survey  station  (inches) 

rp8(h)i 

M4 

— 

absolute  Mach  number  at  survey  station  f  J 

*4 

= 

absolute  flow  angle  at  survey  station  (degrees) 

Tt 

= 

absolute  total  temperature  at  survey  station  (°R) 

*4 

P 

a 

= 

static  pressure  at  survey  station  (psia) 

4 

The  mass  average,  X,  of  any  flow  property,  X  (total  pressure,  total  temperature, 
and  flow  angle),  is  given  by  the  equation 


0.5 


From  these  2  equations,  the  mass-averaged  quantities  of  total  temperature  , 
total  pressure  P  ,  and  flow  angle  cT  were  determined.  4 

4 


The  parameters  required  for  construction  of  the  exit  vector  diagrams  are  as 

follows:  • 
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2) 

3) 

4) 

5) 

6) 


Sonic  velocity 


=  ^M4^aVg  [sonic  velocity] 


w 


i  i  =  V,  cos  a  . 
'radial  4  4 


V4)tangential  V4sinQf4 


The  method  for  constructing  the  exit  vector  diagram  was  as  follows: 

1)  From  the  impeller-exit  total-pressure,  static-pressure,  and  total-tempera¬ 
ture  data,  the  absolute  velocity,  V^,  was  calculated. 

2)  Using  the  mass-averaged  flow  angle  3^,  the  absolute  velocity  vector  was 
established. 

3)  The  exit  diagram  was  then  completed  by  using  the  impeller-tip  speed  calcu¬ 
lated  from  measured  rpm  and  the  tip  diameter. 

Slip  Factor  —  Slip  factor,  which  is  defined  as  the  ratio  of  the  tangential  component 
of  the  absolute  velocity  at  the  impeller  exit  to  the  impeller- tip  velocity,  is  deter¬ 
mined  from  the  exit  velocity  diagrams.  The  calculated  slip  factors  were  based  on 
exit  velocity  diagrams  determined  by  the  previously  described  method.  In  addi¬ 
tion,  variation  of  average  slip  factor  with  airflow  for  different  impeller  speeds 
was  calculated. 
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Shroud  Static  Pressure  —  The  rise  in  static  pressure  from  inducer  inlet  to  impel¬ 
ler  exit  was  plotted  for  Tests  3402  and  3402A.  These  static-pressure  data  indicate 
the  early  separation  in  the  impeller. 

Test  Modification 


The  large  temperature  difference  between  the  impeller  exit  and  the  collector 
indicated  that  rotating  stall  in  the  vaneless  diffuser  may  have  occurred.  The 
possibility  of  this  stall  occurrence  was  investigated  analytically  with  the  assis¬ 
tance  of  Dr.  R.C.  Dean,  Jr.  (a  Boeing  consultant  from  Creare,  Inc.).  To 
determine  experimentally  if  this  rotating  stall  was  present  in  the  vaneless  diffuser, 
pressure  transducers  (described  in  Section  4.0)  were  installed  in  the  walls  of  the 
vaneless  diffuser  at  the  stations  tabulated  below: 


TABLE  XV 

VANELESS  DIFFUSER  PRESSURE  TRANSDUCER  LOCATIONS 

Number  of 

Radius  Ratio 

Transducers 

1.10 

1 

1.20 

1 

1.44 

2 

A  sample  visicorder  trace  of  the  transducer  data  is  shown  in  Figure  222 
(page  327).  The  change  in  static-pressure  variation  with  impeller- 
rotational  speed  and  transducer  radial  location  is  shown  in  Figure  223 
(page  350).  The  frequency  of  s^  ^tic-pressure  fluctuation  is  shown  in 
Figure  224  (page  351). 
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Xj  =  Transducer  at  1.20  Diameter  Ratio 

xj.  =  Transducer  at  1.44  Diameter  Ratio 

=  Transducer  at  1.44  Diameter  Ratio 

X*  =  Transducer  at  1. 10  Diameter  Ratio 

X  =  Transducer  Externally  Mounted 
o 


Figure  222.  Pressure  Transducer  Trace. 

6.1.2  RF-1  IMPELLER 

The  RF-1  impeller  test  results  and  data  were  derived  by  using  test  procedures 
and  approach  similar  to  those  of  the  MF-1  tests* 

Test  Plan 

Table  XVI  gives  the  test  plan  for  the  RF-1  impeller.  Data  are  presented  for  the 
tabulated  sets,  except  for  the  mechanical  checkout  Test  3404,  and  each  data  set  is 
identified  by  test  number.  Data  taken  during  tests  were  the  same  as  for  the 
previously  discussed  MF-1  tests.  The  table  shows  that  several  modifications  to 
the  vaneless  diffuser  were  made  during  Test  3404.  These  test  modifications  will 
be  discussed  in  a  following  paragraph,  Test  Modifications. 


327 


CONFIDENTIAL 


CONFIDENTIAL 


TABLE  XVI 

RF-1  IMPELLER  TESTS 

Test  Number 

Test  Speeds 
(rpm) 

Diffuser 

Comments 

3403 

30, 000 

43, 000 

53, 000 

54, 400 

57, 000 

Vaneless 

Mechanical  checkout  test. 

9 

3404 

34, 000 

Vaneless 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0.020- 
inch  clearance  at  57, 000  rpm. 

* 

34, 000 

42, 000 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0.020- 
inch  clearance  at  42, 000  rpm. 

42, 000* 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0.020- 
inch  clearance  rpm.  Rerun  with  re¬ 
calibrated  pressure  probes  and  wall 
thermocouples  installed. 

34, 000* 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0.020- 
inch  clearance  at  34, 000  rpm. 

42, 000* 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0 . 020- 
inch  clearance  at  57, 000  rpm. 

* 

34, 000* 
42, 000* 

Aerodynamic  test  with  impeller  shimmed 
for  zero  step  and  approximately  0.020- 
inch  clearance  at  57, 000  rpm  with 
diffuser  rear-wall  rework. 

• 

340C 

42,  000 

51, 300 

57, 000 

Vaned 

Aerodynamic  test  with  full  aerodynamic 
instrumentation . 
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TABLE  XVI  (Continued) 

RF-1  IMPELLER  TESTS 

Test  Number 

Test  Speeds 
(rpm) 

Diffuser 

Comments 

57, 000 

Rerun  of  design  speed  with  all  impeller- 
exit  instrumentation  removed  except  one 
3-probe  total-pressure  rake. 

3407 

57,000 

Vaned 

Rerun  of  design  speed  with  full  aero¬ 
dynamic  instrumentation  and  chamfer 
removed  from  diffuser  rear  wall. 

3408 

57,000 

Vaned 

Aerodynamic  test  with  fixed  (+18°)  IGV 
installed  and  all  impeller-exit  instru¬ 
mentation  removed  except  one  3-probe 
total-pressure  rake. 

♦Variations  in  pressure  and  temperature  measurements  occurred  during  testing 
and  led  to  a  recalibration  of  the  total-pressure  rakes  and  yaw  probes  and  to  the 
installation  of  thermocouples  in  the  test-rig  walls  at  several  locations. 

Performance  Measurements 


RF-1  impeller  performance  was  defined,  as  for  MF-1,  by  the  following 
information: 

1)  Temperature  rise: 

2)  Pressure  rise; 

3)  Vector  diagrams ; 

4)  Slip  factor; 

5)  Blockage  factor. 

During  the  RF-1  tests  conducted  with  the  vaneless  diffuser,  the  same  type  of 
rotating  stall  condition  was  observed  as  in  MF-1.  A  vane-ipland  diffuser  was 
installed  to  eliminate  the  phenomenon,  and  additional  diffuser  instrumentation 
was  used. 


329 


CONFIDENTIAL 


CONFIDENTIAL 


Compressor  Temperature  Rise  —  The  measurement  of  9ompressor  temperature 
rise  with  the  vaneless  diffuser  showed  the  same  characteristic  as  that  for  the 
MF-1  impeller  (i.e.,  a  large  temperature  differential  between  impeller  exit  and 
collector).  However,  when  the  vane-island  diffuser  was  installed,  the  impeller- 
exit-to-collector  temperature  difference  dropped  to  about  25°  F.  Consistent  with 
MF-1  testing,  the  collector  temperature  was  used  as  the  standard  for  calculation 
and  comparison  of  impeller  performance. 

Pressure  Rise —  For  this  test  series,  the  yaw-probe  flow-angle  data  were  re¬ 
corded,  including  the  inner  radius  measurements.  During  Test  3404,  the  pres¬ 
sure  instrumentation  was  recalibrated.  The  vaneless-diffuser  rotating  stall  and 
the  impeller  separation  caused  the  same  difficulty  in  achieving  accurate  measure¬ 
ment  as  in  the  MF-1  tests.  For  calculation  of  compressor  performance,  the 
mass-averaged  total  pressure  at  the  impeller  exit  and  the  collector  temperature 
were  used.  Impeller  performance  maps  were  prepared  (Figures  249  and  250). 

Inlet  Vector  Diagrams  —  The  inlet  vector  diagrams  were  calculated  by.  the  same 
method  as  that  for  the  MF-1  impeller.  These  diagrams  are  shown  in  Figures 
264  through  266.  The  variation  of  inducer  incidence  with  radius  is  shown  in 
Figures  269  and  270. 

Exit  Vector  Liagrams  —  The  exit  vector  diagrams  were  constructed  by  the  same 
method  as  that  for  the  MF-1  impeller.  The  variation  in  ex't  Mach  number  with 
impeller-tip  blade  height  was  also  calculated. 

Slip  Factor  and  Temperature-Rise  Factor —  The  slip  factor  and  temperature- 
rise  factor  variations  across  the  impeller  tip  were  calculated.  The  variation  of 
the  a  erage  value  of  these  factors  with  airflow  and  impeller  speed  was  also 
derived. 

Inlet- Blockage  Factor —  The  variation  of  the  inlet-blockage  factor  with  airflow 
as  a  function  of  impeller  speed  is  presented  in  Section  6. 1.4. 

Static -Pressure  Rise —  The  measured  static-pressure  data  along  the  shroud  tor 
Tests  3404  and  3406  are  shown  in  Section  6.1.4. 

Test  Modification —  Two  major  modifications  were  accomplished  during  RF-1 
testing.  These  were  (1)  installation  of  an  inlet  guide  vane  to  reduce  operating 
incidence  on  the  inducer,  and  (2)  installation  of  a  vane-island  diffuser  to  eliminate 
rotating  stall.  In  addition,  modifications  were  made  during  testing  on  both  the 
vaneless  and  vane-island  diffusers  to  improve  performance.  These  modifications 
and  their  sequence  in  the  RF-1  test  series  are  given  in  Table  XVI. 
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The  first  major  modification,  that  of  adding  prewhirl  to  the  inlet  air  using  a  set 
of  fixed  guide  vanes,  was  accomplished  in  Test  3408.  Prior  testing  had  indicated 
that  the  inducer  section  of  the  impeller  was  choked  at  the  design  speed  of  57,  000 
rpm  and  operated  at  a  positive  incidence  of  6  degrees.  To  reduce  the  operating 
incidence,  the  vanes  were  set  at  +18  degrees. 

The  second  major  modification  was  the  installation  of  a  12-channel  vane-island 
diffuser.  To  ensure  the  elimination  of  the  rotating  stall,  it  was  desirable  to  have 
as  many  diffuser  channels  as  possible.  However,  blade  natural  frequency  con¬ 
siderations  and  installation  in  the  existing  test  rig  without  major  modification 
limited  the  number  of  channels  to  12.  A  pressure  transducer  was  installed  at  a 
radius  ratio  of  1. 1  to  detect  rotating  stall. 

6.1.3  WORKHORSE  IMPELLER 

The  workhorse  impeller,  a  modification  of  a  previously  designed  Boeing  impeller, 
was  used  as  an  air  supply  in  the  diffuser  rig.  Concurrent  testing  indicated  a 
higher  level  of  performance  was  achieved  than  for  either  the  MF-1  or  RF-1  im¬ 
pellers  (pressure  ratio  at  design  speed  for  the  workhorse  was  higher  by  1  to  1.5 
atmospheres).  Therefore,  further  testing  of  this  impeller  was  conducted  to  pro¬ 
vide  additional  comparative  data. 

Test  Plan 


Table  XVII  gives  the  test  plan  for  the  workhorse  impeller.  Although  more  testing 
than  is  tabulated  was  accomplished,  the  listed  tests  were  to  define  impeller  per¬ 
formance.  The  others  were  run  in  connection  with  the  diffuser  evaluations.  For 
the  2  tests  listed  in  the  table,  run  with  complete  instrumentation,  the  same 
parameters  were  measured  as  for  the  tests  on  MF-1  and  RF-1. 

Performance  Measurements 


The  performance  measurements  taken  during  workhorse  impeller  testing  were 
essentially  the  same  as  those  for  MF-1  and  RF-1  tests.  The  impeller  inlet  guide 
vanes  were  not  calibrated  for  this  test  series,  and  total  pressure  measured  up¬ 
stream  of  the  guide  vanes  was  used  to  calculate  impeller  pressure  ratio.  There- 
,  fore,  the  performance  maps  shown  for  the  workhorse  impeller  include  the  guide 

vane  losses.  Because  the  inlet  guide  vanes  were  not  calibrated,  it  was  also  nec¬ 
essary  to  estimate  the  flow  deviation  by  using  Carter’s  rule  for  the  construction  of 
the  inlet  vector  diagrams. 
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TABLE  XVn 


WORKHORSE  IMPELLER  TESTS 


Test  Number 

Impeller  Speed 
(rpm) 

Remarks 

3306A  (IGV  =  +17  degrees) 

30,000 

Aerodynamic  test  with  DI-l 

35,000 

diffuser  installed  and  inlet 

40, 000 

guide  vanes  set  at  +17  degrees. 

46,000 

50,000 

3306B  (IGV  =  0  degrees) 

30,000 

Aerodynamic  test  with  DI-1 

35,000 

diffuser  vanes  installed  and 

40,000 

inlet  guide  vanes  set  at  0 

46,000 

degrees. 

50,000 

The  performance  maps  for  the  worldiorse  impeller,  the  inlet  and  exit  vector  dia¬ 
grams,  the  slip-factor  data,  and  inlet-blockage  data  are  shown  in  Section  6,1.4, 
Test  Results. 

6.1.4  TEST  RESULTS 


Data  for  all  3  impellers  are  presented  in  this  section.  Evaluation  of  the  results 
is  presented  in  Section  7.0. 

MF-1 

Test  data  for  the  MF-1  impeller  'Tests  3402  and  3402A)  are  presented  in  this  sec¬ 
tion,  Figures  225  through  248.  The  arrangement  of  the  data  is  as  follows:  (1) 
performance  map,  (2)  measured  data  (such  as  impeller  exit  total  pressure),  and 
(3)  calculated  data  (such  as  the  vector  diagrams).  Section  7  evaluates  the  test 
results  presented  here. 

During  the  program,  some  tests  were  run  to  obtain  specific  information.  For 
these  tests,  only  data  significant  to  the  purpose  of  the  test  were  recorded. 
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RF-l 

The  test  data  for  the  RF-l  impeller  (Tests  3404  and  3406)  are  presented  in  Fig¬ 
ures  249  through  273.  The  data  are  organized  in  the  same  manner  as  MF-lt  and 
include  the  results  of  testing  with  both  the  vaneless  and  vane-island  diffusers. 

Test  3407  was  run  to  evaluate  the  eifects  of  the  diffuser  chamfer  on  performance. 
Performance  was  the  same  with  or  without  the  chamfer. 

Test  3408  was  run  with  most  of  the  impeller-exit  instrumentation  removed.  Thus, 
only  partial  data  are  presented  for  this  test. 

Workhorse 


Figures  274  through  305  show  the  data  for  the  workhorse  impeller,  also  organized 
similar  to  MF-1.  Data  are  presented  for  Test  3306  (IGV  =  +17  and  0  degrees). 
Positive  and  negative  prewhirl  are  defined  in  Figure  166.  The  static-pressure- 
rise  data  for  the  workhorse  impeller  are  important  because  they  indicate  that  this 
impeller  did  not  exhibit  early  separation,  thus  accounting  for  the  better  per¬ 
formance. 

6.2  DIFFUSERS 


Different  diffuser  configurations,  both  vane-island  and  cascade,  were  tested  and 
their  performance  was  evaluated.  This  section  of  the  report  presents  the  results 
of  the  diffuser  testing.  All  data  obtained  during  the  program  were  reviewed  and 
curves  were  selected  to  provide  a  complete  performance  description  for  each 
diffuser  configuration.  Data  not  presented  in  this  section  are  contained  in 
Appendix  DC.  Schlieren  data  are  presented  in  Appendix  X. 

6.2.1  DI-1  DIFFUSER 


DI-1  was  the  first  v me- island  diffuser  to  be  tested.  In  addition,  modifications 
of  the  basic  configurai  sn  were  evaluated  and  are  discussed  in  Test  Modifications. 

Test  Plan 

Table  XVin  presents  the  test  plan  for  the  DI-1  diffuser  and  its  modifications. 

The  data  evaluations  were  based  on  the  following. 

1)  Static  pressures  in  channels  and  vaneless  and  semivaneless  spaces; 
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2)  Schlieren  photographs; 

3)  Total  pressure  at  the  impeller  exit; 

4)  Total  temperature  at  the  impeller  exit; 

5)  Flow  angle  at  the  impeller  exit; 

6)  Traversing  total  pressure  ahead  of  and  in  the  channel; 

7)  Total  pressure  at  Station  I; 

8)  Collector  pressure. 

Table  XVHI  shows  the  instrumentation  used  during  each  test  of  the  original  and 
modified  DI-1  configurations. 

Map  Data 

The  pressure  ratio  and  efficiency  versus  airflow  for  representative  tests  of  the 
original  and  modified  DI-1  diffusers  are  given  in  the  Test  Results  section.  These 
curves  show  pressure  ratio  based  on  measurements  in  the  collector  and  at  Station 
I,  which  was  defined  as  the  point  in  the  channel  where  the  area  ratio  (channel 
area/throat  area)  was  equal  to  2:1.  It  also  represents  the  point  in  the  diffuser 
channel  where  the  Mach  number  was  expected  to  be  approximately  0. 3. 

It  was  anticipated  early  in  the  program  that  a  2- stage  vane-island  diffuser  con¬ 
figuration,  using  the  first-stage  elements  from  this  research.would  lead  to  the 
best  channel  design  for  an  engine.  Station  I,  with  a  Mach  number  of  0.3,  was  the 
point  at  which  it  was  expected  that  the  second  diffuser  stage  would  be  added,  based 
on  previous  tests  conducted  by  the  contractor.  It  should  be  noted  that  the  design- 
point  pressure  ratio  at  Station  I  was  higher  than  10:1.  The  pressure  ratio  differ¬ 
ence  between  Station  I  and  the  collector  represented  an  allowance  for  loss  in  total 
pressure  through  the  originally  proposed  second  stage. 

In  preparing  the  diffuser  performance  maps,  pressure  ratio  at  Station  I  was  com¬ 
puted  on  the  basis  of  a  mass-averaged  total  pressure  (3  Kiel  probes)  except  in 
cases  where  the  probes  were  not  required  in  obtaining  specific  test  information. 
For  these  cases,  collector  pressure  was  used  to  prepare  the  performance  maps. 
The  adiabatic  efficiency  shown  on  the  map  was  based  on  numerical  average  of  the 
collector  temperatures. 
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Diffuser  testing  was  begun  with  tip  instrumentation  at  the  workhorse  impeller  exit. 
Although  this  instrumentation  was  believed  helpful  in  defining  diffuser  performance 
separate  from  impeller,  the  impeller-tip  instrumentation  interfered  with  the  flow 
into  the  diffuser  and  had  an  adverse  effect  on  diffuser  performance.  For  this 
reason  the  majority  of  tests  were  conducted  without  impeller-tip  instrumentation. 

Static  Pressure  Measurements 


The  front  and  backplates  of  the  diffusers  were  instrumented  with  approximately 
160  static -pressure  taps.  The  locations  of  these  taps  are  shown  in  Appendix  DC 
along  with  the  recorded  data.  The  static  pressures  measured  for  representative 
tests  are  given  in  the  Test  Results  section. 

Schlieren  Photographs 

The  schlieren  photographs  show  the  locations  of  shocks  in  the  diffuser.  They 
were  used  in  conjunction  with  the  previously  discussed  static -pres sure  measure¬ 
ments  to  establish  the  nature  and  strength  of  the  shocks.  Significant  schlieren 
photographs  are  contained  in  Appendix  X. 

Total-Pressure  Traverse 


The  diffuser  test  rig  was  equipped  with  a  traversing  total-pressure  probe  which 
was  used  to  measure  pressure  along  the  predicted  flow  path  from  the  impeller  tip 
to  Station  I.  This  probe  is  described  in  detail  in  Section  4.0.  The  path  of  travel 
for  the  traversing  probe  is  shown  in  Figure  306.  Plots  of  total  pressure  versus 
distance  through  the  diffuser  for  representative  tests  are  shown  in  the  Test 
Results  section.  These  curves  show  the  change  in  total  pressure  through  the 
diffuser.  Impeller-exit  peak  total  pressure  and  traversing-probe  total  pressure 
measured  at  the  impeller  exit  also  are  presented. 

Impeller- Exit  Surveys 


Measurements  of  total  temperature,  total  pressure,  and  flow  angle  were  taken 
at  the  workhorse  impeller  exit  for  several  of  the  DI-1  tests  and  modifications.  A 
discussion  of  the  workhorse  impeller  data  is  given  in  Section  6.1. 

Inlet  Guide  Vanes 


During  the  DI-1  test  series,  an  investigation  was  conducted  to  determine  the  pre¬ 
whirl  necessary  for  best  compressor  performance.  Runs  were  made  bv  setting 
the  inlet  guide  vanes  at  angles  of  0,  +17,  +10,  and  -16  degrees  during  Tests  3306A, 
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3306C,  3306D,  and  3306E.  Hie  map  data  for  these  tests  are  given  in  the  Test 
Results  section.  The  effect  of  prewhirl  on  impeller  performance  is  discussed  in 
Section  6.1. 

Variable  Capacity 

A  series  of  tests  to  investigate  the  feasibility  of  varying  compressor-flow  capac¬ 
ity  through  variable-diffuser  geometry  were  accomplished.  For  these  tests, 
throat  areas  were  set  at  50,  75,  and  125  percent  of  the  original  DI-1  throat  area. 
The  results  of  these  tests  are  included  in  the  Test  Results  section. 

Radius  Ratio 


A  test  was  conducted  to  determine  the  effect  of  radius  ratio  on  compressor  per¬ 
formance.  For  this  test,  the  DI-1  vanes  were  set  at  a  1.10  radius  ratio.  The 
resulting  throat  area  was  104  percent  of  the  original  DI-1  design.  The  results  of 
this  test,  compared  to  the  1.06  radius  ratio  of  DI-1,  are  shown  in  Figure  329. 

Test  Modifications 


During  the  DI-1  testing,  analysis  of  the  data  provided  information  which  indicated 
the  need  for  further  investigation,  and  modifications  to  the  original  vane  con¬ 
figuration  were  identified.  These  modifications  are  described  in  the  following- 
discussion. 

PI- 1-2 —  The  DI-1-2  configuration  had  the  same  throat  area,  vane  contour,  and 
channel  geometry  as  DI-1.  Kowever,  the  throat  length  was  reduced  from  0.50  to 
0.125  inch.  A  comparison  of  DI-1  and  DI-1-2  vane  configurations  is  shown  in 
Figure  307. 

PI- 1-3 —  This  modification  reduced  the  DI-1-2  throat  length  from  0. 125  inch  to 
0.10  inch,  as  shown  in  Figure  307. 

6.2.2  DI-2  DIFFUSER 


DI-2  was  also  a.  vane-island-type  diffuser.  As  in  the  DI-1  testing,  modifications 
of  the  DI-2  configuration  were  tested  and  are  discussed  in  Test  Modifications. 

Test  Plan 


Table  XIX  shows  the  plan  of  test  for  the  DI-2  diffuser  and  its  modifications.  Data 
taken  included  the  same  parameters  as  for  the  DI-1  tests.  During  DI-2  testing, 
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DI-2  DIFFUSER  AND  MODIFICATIONS  (See  Figure  307  for  Modifications) 
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DI-2  DIFFUSER  AND  MODIFICATIONS  (See  Figure  307  for  Modifications) 
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Station  I  was  maintained  at  the  same  location  relative  to  DI-1  to  avoid  changing 
the  diffuser  instrumentation.  Therefore,  for  DI-2,  the  area  ratio  at  Station  I  was 
2  percent  below  the  previous  2:1.  Also,  for  commonality  reasons,  the  static- 
pressure  taps  in  the  diffuser  walls,  which  had  been  located  relative  to  the  DI-1 
vanes,  were  not  changed  when  the  DI-2  vanes  were  installed.  As  a  result,  a  few 
of  these  static  taps  were  covered  by  the  DI-2  vanes. 

Map  Data 

Maps  similar  to  those  of  DI-1  were  prepared,  and  representative  curves  are  con¬ 
tained  in  the  Test  Results  section. 

Schlieren  Photographs 

The  schlieren  photographs  taken  during  tests  of  the  original  DI-2  configuration  and 
its  subsequent  modifications  are  contained  in  Appendix  X.  During  the  DI-2- 2 
testing,  schlieren  windows  were  installed  in  a  spare  frontplate  to  check  out  dif¬ 
ferences  in  the  window  installation.  This  rig  modification  had  an  adverse  effect 
on  performance  as  shown  on  the  map  for  Test  3335.  To  recover  the  original  per¬ 
formance,  the  windows  were  replaced  with  plugs  and  sealed  with  potting  material. 
Performance  was  improved  but  did  not  attain  its  former  level. 

Total-Pressure  Traverse  and  Impeller- Exit  Surveys 

As  with  the  DI-1  diffuser,  the  traversing  probe  was  used  to  establish  changes  in 
total  pressure  through  the  diffuser.  Additionally,  the  workhorse  impeller  instru¬ 
mentation  was  used  to  establish  the  impeller-exit  conditions  when  required  for 
diffuser  performance  evaluation.  These  data  are  given  for  representative  tests 
in  the  Test  Results  section. 

Inlet  Guide  Vanes 


During  the  DI-2  tests,  the  effects  of  inlet  guide  vanes  were  not  evaluated.  When 
the  guide  vanes  were  removed,  maximum  airflow  increased  by  approximately  3 
percent,  giving  some  indication  of  their  influence  on  flow.  To  compare  the  map 
performance  between  tests  wiih  and  without  inlet  guide  vanes,  the  following  cor¬ 
rections  were  applied  to  the  data  without  guide  vanes: 


(W  ) 
a'  corr 


(W  )  , 
a  obs 


( 


^'a  max*  no  IGV 


max*  IGV 


•) 


(31) 
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(p/p)  =  (p/p)  . 

corr  '  '  obs 


(- 


(W  )  _  ___ 

'  a  max '  do  IGV 


^a  max^IGV 


) 


(32) 


Radius  Ratio 


Tests  3310  and  3310D  were  run  with  radius  ratios  of  1.06  and  1.10,  respectively. 
The  test  objectives  were  the  same  as  for  similar  tests  conducted  with  the  DI-1 
diffuser.  Data  are  shown  in  the  Test  Results  section. 

Test  Modifications 


As  with  DI-1,  several  modifications  were  made  to  the  original  DI-2  configuration. 
These  modifications  and  tests  are  described  in  the  following  discussion. 

DI-X1  —  The  DI-X1  configuration  was  the  same  as  DI-2  except  that  the  asym¬ 
metrical  divergence  angle  of  10  degrees  was  revised  to  a  symmetrical  divergence 
angle  of  8  degrees. 

DI-X1-2 —  This  configuration  was  the  same  as  DI-X1  except  that  the  symmetrical 
divergence  angle  was  changed  from  8  to  10  degrees. 

DI-X1-3 —  This  configuration  (shown  in  Figure  307)  was  a  modification  of  the 
DI-X1-2  vanes.  The  throat  area  was  enlarged  approximately  3.4  percent,  thus 
decreasing  design  throat  Mach  number  from  0. 75  to  0. 70.  To  maintain  a  parallel- 
walled  throat  with  this  configuration,  the  vane  contour  ahead  of  the  throat  was  also 
modified. 

PI- 2-2 —  This  configuration  (shown  in  Figure  307)  had  the  same  throat  area  and 
geometry  as  the  original  DI-2.  However,  the  vane  angle  was  set  2  degrees  flatter. 
This  change  required  a  modification  to  the  vane  contour  to  maintain  the  throat  and 
the  1.06  radius  ratio,  as  in  previous  tests. 
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Rig  Frontplate  Waroage  —  During  testing  of  DI-X1,  low  overall  performance  was 
observed  in  Test  3315.  Test  3316,  with  the  original  DI-2  configuration,  was  con¬ 
ducted  to  determine  if  rig  anomalies  were  responsible  for  the  drop  in  perform¬ 
ance.  Test  3316  revealed  that  the  static-pressure  field  was  greatly  different  than 
it  had  been  for  the  first  DI-2  test,  3310.  Investigation  of  the  rig  showed  that  the 
frontplate  had  warped,  and  it  was  concluded  that  air  leaking  under  the  leading  edge 
of  the  vanes  had  resulted  in  the  observed  performance  deterioration.  Corrective 
action  was  taken  by  replacing  the  frontplate  with  the  reworked  frontplate,  and 
performance  was  restored. 

6.2.3  DI-3  DIFFCJSER 


Nine  tests  were  accomplished  on  a  DI-3  diffuser  configuration.  Included  in  this 
testing  were  two  modifications  of  the  original  DI-3.  The  test  plan  of  the  DI-3 
testing  is  given  in  Table  XX. 

Testing  of  DI-3  and  Modifications 

The  original  DI-3  configuration  was  designed  for  a  0.75  throat  Mach  number  with 
16  channels.  Testing  of  DI-3  and  its  two  modifications  was  accomplished  similar 
to  DI-1  and  DI-2.  Tests  were  run  to  define  performance  and  to  investigate  the 
effects  of  varying  the  inlet  guide  vane  setting.  The  first  modification,  DI-3- 2, 
was  accomplished  by  notching  the  channel  to  provide  a  boundary-layer  trip,  thus 
delaying  separation.  The  original  DI-3  configuration  and  the  notched  DI-3- 2 
modifications  had  the  same  throat.  The  second  modification,  DI-3- 3,  was  the 
same  as  DI-3  except  that  the  original  asymmetrical  10-degree  channel  divergence 
was  revised  to  a  6 -degree  symmetrical  divergence. 

6.2.4  DC-1  CASCADE 

Testing  of  the  cascade  diffuser  (DC-1)  consisted  of  a  series  of  6  tests  which  are 
summarized  in  Table  XXI.  The  first  3  tests  in  the  series  (3308,  3308.  l.and 
3308. 2)  were  run  with  the  stagger  angle  of  the  vanes  (av  )  set  at  82.4  degrees. 

A  sketch  of  this  configuration  is  shown  in  Figure  308.  The  diffuser  was  instru¬ 
mented  with  four  3-probe  total-pressure  rakes  and  5  static-pressure  taps  at  the 
exit  of  the  stage. 

The  total  pressure  at  the  exit  of  the  stage  was  mass-flow  averaged  and  the  results 
are  presented  in  Section  6. 2.5. 
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TABLE  XX 

DI-3  DIFFUSER  AND  MODIFICATIONS 

Throat 

I.G.V. 

Test 

Diffuser 

Radius 

Area 

Setting 

Speed 

No. 

No. 

Ratio 

(percent) 

(degrees) 

(rpm) 

Measurements* 

3314A 

DI-3 

1.06 

100 

0 

46,000 

3314B 

DI-3-2 

1.06 

100 

0 

46, 000 

3314C 

DI-3-2 

1.06 

100 

+  5 

46,000 

+10 

+15 

+20 

3314D 

DI-3-2 

1.06 

100 

+  5 

50,000 

3342 

DI-3-2 

1.06 

100 

No  Vanes 

50, 000 

3343 

DI-3-3 

1.06 

100 

No  Vanes 

50,000 

3344 

DI-3-3 

1.06 

100 

No  Vanes 

50, 000 

3345 

DI-3-3 

1.06 

100 

No  Vanes 

50, 000 

3346 

DI-3-3 

1.06 

100 

0 

50,000 

p„ 

-20 

Ri 

-10 

+  7 

+15 

+20 

♦Note: 

PR  =  Impeller-exit  total-pressure  rake  no.  1- 


Collector  pressure  measured  on  all  tests. 
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Test  3308. 1  wae  run  to  obtain  schlieren  photographs;  however,  the  attempt  was 
not  successful  due  to  system  difficulties.  Because  of  the  recurrent  performance 
deficiencies  with  the  cascade,  further  schlieren  runs  were  not  made. 

The  third  test  in  this  series  (3308.2)  was  run  to  obtain  total-pressure  measure¬ 
ments  at  the  tip  of  the  impeller.  These  data  are  given  for  50, 000  rpm  in  Section 

6.2.5  for  comparison  with  the  impeller-tip  total-pressure  measurements  obtained 
in  Test  3306. 

Because  of  indicated  incidence  and  wake  losses,  the  vanes  were  modified  as 
shown  in  Figure  309.  This  configuration  was  tested  (3308A)  with  the  vane  stagger 
angle  (av  }  set  at  84.4  degrees  (see  Figure  309).  Results  of  this  test  again 
showed  separation.  Because  the  previously  observed  difficulty  persisted,  the 
cascade  vanes  were  restaggered  to  86.65  degrees  and  rerun  (Test  3308B).  The 
map  for  this  test  was  prepared,  and  a  repeat  run  was  conducted  (Test  3308 B.  1) 
to  obtain  total- pressure  data  at  the  impeller  tip.  A  comparison  of  the  results  is 
presented  in  Section  6.2.5. 

6.2.5  TEST  RESULTS 


Representative  data  for  all  diffusers  are  presented  in  groups,  corresponding  to 
each  configuration  tested.  Evaluation  of  the  results  is  presented  in  Section  7.0. 
Additional  data  are  contained  in  Appendix  IX,  and  schlieren  photographs  are 
given  in  Appendix  X. 
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Impeller  Rotational  Speed  ( 1000  rpm  ) 


Figure  223.  Transducer  Pressure  Readings. 
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Impeller  Rotational  Speed  (1000  rpm) 


Figure  224.  Pressure-Fluctuation  Frequencies. 
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^ _  Impeller-Exit  Total  Pressure 

Pressure  Ratiq  folirt  Total  Pressure - 
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Figure  225.  Pressure  Ratio  Versus  Airflow,  MF-1,  Vaneless  Diffuser. 
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Collector  Temperature,  — -  (°R) 
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Airflow,  ff  VT th  (lb/sec) 

cL 

Figure  226,  Collector  Temperature  Versus  Airflow,  MF-1,  Vaneless  Diffuser. 
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Impeller-Exit  Temperature,  T /Q  (°R) 
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Figure  228.  Impeller-Exit  Total  Pressure,  MF-1,  Vaneless  Diffuser. 
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Impeller-Exit  Total  Pressure ,  P  /  6  (psia) 
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Passage  Width  (in.) 

Figure  229.  Impeller-Exit  Total  Pressure,  MF-1,  Vaneless  Diffuser. 
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Impeller-Exit  Total  Pressure,  (psia) 
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Tm*3402A 

Corrected  to  Ambient 
Conditions  of. 

60*F 

©  3- Probe  Bake 

0  Keil  Probe 

29. 92  to.  Hk 

A  Yaw  Probe 

34, 000  rpm 


0 


0.10 


f 


Figure  230.  Impeller-Exit  Total  pressure,  MF-1, 
Vaneless  Diffuser. 
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Test  3402 


Conditions  of 


Test  3402 A  i 


rpm 

#/8 

!  lb/sec 
>  lb/sec 
•  lb/sec 


3.0  4.0  5.0  6. 0., 


b/ sec 


VL  3 


51, 500  rpm 
a 

©  1.72  lb/sec 
0  1.88  lb/sec 
a  !.93  Ib/sec 


wsm 


1.0  2.0  3.0  4.0  5. 


57,000  rpm 

wvT/i 

a 

©  1. 83  lb/sec 

win 

mi 

immm 

B  1.  90  lb/sec 
a  1.95  Ib/sec 

Predicted  for  100% 
Design  Speed - * 


T3  T3 

fll  n 
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Distance  Along  Shroud  (in. ) 
oud  Static -Pressure  Rise,  MF-1,  Vaneless  Diffuser. 
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Test  3402 

S  =  6. 43  Inches 

0 

— —  —  —  Shroud 

(covers  one  quadrant 
at  R/R  =  1. 02) 

Corrected  to  Ambient 
Conditions  of  : 
60*F 

29. 92  In.  Hg 


34,000  rpm 


1.32  lb/sec 


1.64  lb/sec 


W  V0/6  =  1.50  lb/sec 


W,VT  /  6  =  1. 74  lb/sec 


1.66  lb/sec 


Wo  \/~6  /  8  =1.82  lb/sec 


igure  233.  Circumferential  Variation  of  Impeller-Exit  Static  Pressure, 
MF-1,  Vaneless  Diffuser. 
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pigure  236.  Impeller-Exit  Absolute  Flow  Angle,  MF-1,  Vaneless 
I  371 
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U  =  454 


Figure  238.  RMS  Inlet  Vector  Diagrams,  MF-1,  Vaneless  Diffuser. 
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P  Inlet  Vector  Diagrams,  MF-1,  Vaneless  Diffuser. 
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N/VT-  34,000  rpm 


Test  3402 
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Figure  239.  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio, 
MF-1,  Vaneless  Diffuser. 
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I  N,VF  =  34,  000  rpm 


Test  3204A 


porreoted  to  Ambient 
Conditiocs  of. 

60*F 
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All  Velocities  in  fps 


N/VF  =  39,  000  rpm 


Figure  240.  Mean  Vector  Diagrams  at  1.02  Diameter  Ratio, 
MF-1,  Vaneless  Diffuser. 
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Figure  241.  Radial  Variation  of  Inducer  Incidence, 
MF-1,  Vaneless  Diffuser. 
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Figure  244.  Slip  Factor  Versus  Passage  Width,  MF-1,  Vaneless  Diffuser 
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Figure  249.  Pressure  Ratio  Versus  Airflow,  RF-1. 
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Figure  253.  Impeller-Exit  Total-Temperature  Survey,  RF-1. 
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Figure  262.  Impeller-Exit  Flow-Angle  Survey,  RF-1. 
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Figure  271.  Variation  of  Slip  Factor  Across  Impeller  Tip,  RF-1. 

435 


CONFIDENTIAL 


Shroud 


Slip  Factor 


0.96 


0. 92 


0.88 


0.84 


0.80 


0.76 


0. 72 


0.96 


0.92 


0.88 


0.84 


0. 80 


Test  3406 
Vaned  Diffuser 


N/^57,000  rpm 


•  1. 87  lb/sec 
Si. 92  lb/sec 

•  1.  99  lb/sec 
a  2. 00  lb/sec 


■■SLSsspan 

hi  m 


Passage  Width  (in#) 


Passage  Width  (in,) 


Temperature -Rise  Factor 


F 


CONFIDENTIAL  _ _ 

Corrected  to  Ambient 
Conditions  of: 

60*F 

29.92  In.  Hg _ 


Figure  272.  Temperature -Rise  Factor  Across  Impeller  Tip,  RF-1. 


437 


CONFIDENTIAL 


wVfTS 

a 


Shroud 


-Rise  Factor 


Test  3406 
Vaned  Diffuser 


0.98 


Compressor  Temperature  Rise,  AT/  $  ( °R) 


CONFIDENTIAL 


600 


500 


400 


300 


200 


• 

5( 

),  000  rpm 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

46 

o 

o 

o 

rpm 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

i 

9 

1 

1 

■ 

m 

■ 

■ 

■ 

1 

9 

■ 

■ 

OA 

AAA  _ 

S 

■ 

■ 

■ 

r 

HpS®. 

pm 

200 


.6  1. 

0 

2. 

0 

O  I 

rpm 

50 

4 

PI 

6,000 

rpm 

N/^ 

r 

*201 

4( 

,000 

rpm 

000. 

35,000  rpn 

i  i 

non  wm 

1 

Correoted  to  Ambient 
Conditions  of: 

60*P 

29. 82  in.  Hg 


Test  3306B 
IGV  =  0° 


Test  33 06 A 
IGV  =  +17° 


0.6  1.0  2.0 

Airflow,  W  vT  /  6  (lb/sec) 

a 

Figure  275.  Temperature  Rise  Versus  Airflow,  Workhorse. 
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Figure  276.  Impeller-Exit  Total  Temperature,  Workhorse. 
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Figure  277.  Impeller-Exit  Total  Temperature,  Workhorse. 
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Figure  278.  Impeller-Exit  Total  Pressure,  Workhorse. 
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Figure  279.  Impeller-Exit  Total  Pressure,  Workhorse. 
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Figure  282.  Static-Pressure  Rise  Along  Shroud,  Workhorse. 

452 


CONFIDENTIAL 


CONFIDENTIAL 


0  1.0  2.0  3,0  4.0  5.0  6.0  7.0 

Distance  Along  Shroud  (in. ) 

Figure  283.  Static-Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  285.  Static-Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  286.  Static -Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  287.  Static-Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  288.  Static-Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  290.  Static -Pressure  Rise  Along  Shroud,  Workhorse. 
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Figure  291.  Inlet  Blockage  Factor,  Workhorse. 
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Figure  293.  Impeller-Exit  Flow  Angles,  Workhorse. 
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Figure  294.  Impeller-Exit  Flow  Angles,  Workhorse. 
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Figure  296.  Impeller-Exit  Flow  Angles,  Workhorse. 
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Figure  299.  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio,  Workhorse. 
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Figure  300.  Mean  Vector  Diagrams  at  1. 02  Diameter  Ratio,  Workhorse. 
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Figure  302.  Average  Temperature-Rise  Factor,  Workhorse. 
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Figure  304.  Average  Slip  Factor,  Workhorse. 
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Figure  308.  Cascade  Configuration. 
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Figure  309.  Modified  Cascade  Vane. 
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Figure  310.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  312.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  313.  Pressure  Ratio  Versus  Airflow,  DI-1 
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Figure  314.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  315.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  316.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  317.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  318,  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  319.  Pressure  Ratio  Versus  Airflow,  DI-1. 
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Figure  320.  Pressure  Ratio  Versus  Airflow,  DP-1 

(Comparison  at  1. 06  and  1.10  Radius  Ratio). 
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Figure  321,  Pressure  Ratio  Versus  Airflow,  DI-1, 
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Figure  322.  Pressure  Ratio  Versus  Airflow,  DI-1  *2. 
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Figure  323.  Pressure  Ratio  Versus  Airflow,  DI-1-2. 
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Figure  325.  Pressure  Ratio  Versus  Airflow,  DI-2. 
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Figure  327.  Pressure  Ratio  Versus  Airflow,  DI-2. 
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Figure  328.  Pressure  Ratio  Versus  Airflow,  DI-2. 
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Figure  329.  Pressure  Ratio  Versus  Airflow,  DI-2 

(Comparison  at  1.06  and  1.10  Radius  Ratio)  • 
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Figure  330.  Pressure  Ratio  Versus  Airflow,  DI~2  (Comparison  at 
125-,  100-,  and  75-Percent  Throat  Areas). 
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Figure  331.  Pressure  Ratio  Versus  Airflow,  DI-2. 

512 


CONFIDENTIAL 


Collector  Static  Pressure 


CONFIDENTIAL 


Figure  332.  Pressure  Ratio  Versus  Airflow,  DI-2-2. 
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Figure  333.  Pressure  Ratio  Versus  Airflow, 
DI-2  (Comparison  of  Reruns). 
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Figure  334.  Pressure  Ratio  Versus  Airflow,  DI--3. 
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Figure  335.  Pressure  Ratio  Versus  Airflow,  DI-3. 
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Figure  336.  Pressure  Ratib  Versus  Airflow,  DI-1-3. 
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Figure  337.  Pressure  Ratio  Versus  Airflow,  DI-3. 
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Figure  338,  Pressure  Ratio  Versus  Airflow,  DI-3. 
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Figure  339.  Pressure  Ratio  Versus  Airflow,  DI-X1. 
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Figure  340.  Pressure  Ratio  Versus  Airflow,  DI-X1-2. 
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Figure  341,  Pressure  Ratio  Versus  Airflow,  DI-Xlr2. 
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Figure  342.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  344.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  345.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  346.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  348.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  349.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  351.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  352.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  354.  Midchannel  Total  Pressure  Versus  Flow-Path  Length,  DI-1. 
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Figure  355.  Pressure  Ratio  Versus  Airflow,  DC-1  Cascade. 
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Figure  358.  Impeller-Exit  Total  Pressure,  DI-1  and  DC-1. 
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Figure  359.  Impeller-Exit  Total  Pressure,  DI-1  and  DC-1. 
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(Cl  7.0  EVALUATION  OF  TEST  RESULTS  OA 


The  goal  of  10:1  pressure  ratio  in  a  single-stage  centrifugal  compressor  requires 
an  impeller  pressure  ratio  from  12.0:1  to  13.0:1.  To  obtain  this  performance 
level,  it  was  recognized  that  conventional  design  parameters  required  refinement 
in  order  to  extrapolate  their  influence  on  high-pressure-ratio  designs.  The  im¬ 
pellers  tested  in  this  program  were  designed  with  this  in  mind.  A  design  method 
was  used  that  had  been  successful  for  lower  pressure  ratio;  however,  it  was 
planned  to  evaluate  the  impellers  with  respect  to  the  design  method  and  to  modify 
the  method  and/or  the  impeller  designs  as  necessary  to  accomplish  the  goal.  In 
addition,  several  diffuser  elements  with  modifications  were  tested  with  a  work¬ 
horse  impeller.  These  studies  led  to  new  theories  on  flow  through  the  compres¬ 
sor,  each  of  which  is  related  to  the  tests  in  the  following  discussions. 

7.1  IMPELLER  TESTS 


Three  impellers  were  tested  in  the  program.  Two  of  the  impellers  were  radial- 
flow  types  and  1  was  a  mixed-flow  type'.  All  3  impellers  had  lower  performance 
than  the  design  point.  The  best  of  the  3  was  the  workhorse  impeller,  used  in  the 
diffuser  test  rig.  This  impeller  was  9  percent  below  the  impeller  pressure-ratio 
goal  of  12.3:1.  During  the  test  program,  it  was  determined  that  rotating  stall  was 
present  in  both  MF-1  and  RF-1,  as  evidenced  by  the  static-pressure  transducer 
instrumentation  installed  in  the  MF-1  vaneless  diffuser.  Diffuser  vanes  were 
added  to  the  RF-1  test  section,  eliminating  the  stall,  and  a  performance  improve¬ 
ment  resulted.  However,  performance  was  still  below  the  design  goal.  Analysis 
of  the  test  data  showed  that  the  relative  diffusion  through  the  impellers  was  less 
than  expected.  The  results  led  to  a  reevaluation  of  the  losses  used  in  the  design 
method.  Subsequently,  an  analysis  was  derived  to  account  for  these  losses  and 
was  compared  against  the  performance  of  the  USAAVLABS  impellers  as  well  as 
other  research  impellers  built  by  tfre  contractor.  Reasonable  correlation  between 
measured  and  calculated  pressure  ratio  was  obtained. 

The  data  analysis  showed  that  the  flow  separated  near  the  leading  edge  of  the  in¬ 
ducer  in  each  USAAVLABS  impeller,  resulting  in  large  wakes  at  the  impeller  tip 
and  large  mixing  losses  in  the  vaneless  space;  both  were  chargeable  directly  to  the 
impeller.  The  early  separation  in  the  inducer  was  believed  to  be  independent  of 
the  design  pressure  ratio;  therefore ,  a  study  was  conducted  to  determine  the  in¬ 
fluence  of  diffusion  rates  and  blade  shapes  on  boundary-layer  and  flow  conditions 
at  the  inducer  entrance.  In  addition,  methods  of  predicting  points  of  separation 
were  evaluated.  It  was  believed  that  these  analyses  would  lead  to  an  improved 
design  technique  that  could  be  correlated  with  available  test  data.  The  revised 
method  (see  Section  7.1.7)  was  subsequently  used  in  the  design  of  a  new  impeller 
to  be  tested  for  verification  later  in  the  program. 
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The  performance  of  each  impeller  will  be  discussed  individually  and  will  be 
compared  with  the  predicted  performance  eminatlng  from  the  original  design 
method.  Then,  where  applicable,  the  performance  of  the  various  test  impellers 
will  be  compared.  Finally,  alterations  to  the  original  design  procedure  will  be 
presented,  along  with  the  parameters  which  strongly  affect  the  losses. 

7.1.1  WORKHORSE  IMPELLER 

The  target  performance  of  the  workhorse  impeller,  as  noted  in  Section  2.3.3,  was 
as  follows: 

Pressure  Ratio  12.3:1 

Adiabatic  Efficiency  87 . 8  percent 

Airflow  Rate  2 . 43  lb/ sec 

For  comparison,  measured  performance  was  as  follows. 

Pressure  Ratio  (IGV  at  0  degrees)  11.25:1* 

Adiabatic  Efficiency  (IGV  at  0  degrees)  79.5* 

Pressure  Ratio  (IGV  at  +17  degrees)  11.3:1* 

Adiabatic  Efficiency  (IGV  at  +17  degrees)  81.5  percent* 

*These  performance  figures  include  losses  through  the  inlet  guide  vanes. 

In  comparing  the  design  and  measured  performance ,  it  was  found  that  the  static- 
pressure  rise  along  the  shroud  of  this  impeller  fell  short  of  the  design  expecta¬ 
tions.  A  comparison  of  test  and  predicted  static -pres sure  distribution  along  the 
shroud  at  the  design  speed  (Figure  290)  shows  that  little  diffusion  of  the  relative 
flow  ir  accomplished  within  the  impeller.  For  the  design  conditions,  the  impeller- 
exit  st pressure  was  expected  to  be  65.8  psia;  in  the  extreme  case  of  no  diffu¬ 
sion,  where  the  average  inlet  and  exit  relative  velocities  were  assumed  to  be  the 
same,  the  exit  static  pressure  would  be  approximately  59  psia.  By  comparison, 
the  measured  static  pressure  at  the  impeller  exit  was  60.7  psia,  close  enough  to 
the  no  uixfusion  case  to  indicate  early  separation. 

Further  evidence  of  a  performance  deficiency  was  shown  by  the  measured  total- 
pressure  and  flow-angle  profiles  at  the  impeller  exit.  For  the  design  speed,  these 
data  were  presented  in  Section  6.1  (Figures 278  and  279  and  Figures  293  and  294). 
These  data  showed  that  most  of  the  air  leaves  the  impeller  at  the  shroud  side  of 
the  exit  annulus.  It  was  also  indicated  that  reverse  flow  may  have  occurred  along 
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the  hub  side, as  evidenced  by  the  large  flow  angles  measured  in  that  region.  These 
figures  also  show  a  large  region  of  separated  flow  (3C  percent  of  the  exit-passage 
width)  close  to  the  hub  region  at  the  impeller  discharge.  Within  the  first  half  inch 
of  meridional  distance,  the  design  diffusion  schedule  (V^|nnfl|/ViTl1flt)  mLB  0.63. 

This  blgji deceleration,  with  its  large  adverse  gradients,  may  have  forced  a  flow 
reversal  and  separation  from  the  impeller-hub  surface.  An  additional  cause  of  the 
separation  within  the  impeller  may  have  been  high,  incidence  at  the  inducer.  The 
radial  variation  of  incidence  at  the  design  speed  is  shown  in  Figure  301;  average 
incidence  was  +8  to  +10  degrees.  The  presence  of  the  positive  slope  at  the  lower 
airflow  end  of  the  speed  lines  on  the  performance  map  (Figure  274)  was  a  further 
indication  of  losses  caused  by  high  incidence  at  the  inducer. 

Subsequent  tests  with  an  inlet  guide  vane  setting  of  +17  degrees  (positive  prewhirl 
is  in  the  direction  of  rotation)  showed  an  improvement  in  impeller  efficiency  of 
1.5  to  2  percent  at  design  speed.  The  prewhirl  was  used  to  reduce  the  inlet  rela¬ 
tive  Mach  number  and  the  flow  incidence.  Calculations  showed  that  the  average 
Mach  number  was  reduced  from  0.93  to  0. 81, while  the  incidence  was  reduced 
from  9  to  2  degrees.  It  should  be  noted  that  flow  deviation  from  the  inlet  guide 
vanes  was  determined  analytically  from  Carter’s  rule,  and  losses  through  the 
vanes  were  assumed  to  be  zero.  It  was  recognized  that  a  finite  loss  would  reduce 
the  incidence  angles  by  producing  a  larger  inlet  absolute  velocity  for  a  given  air¬ 
flow  rate.  A  more  detailed  discussion  of  the  effects  of  high-incidence  is  presented 
in  Section  7.1.8. 

Two  parameters  which  are  important  in  the  evaluation  of  high-pressure -ratio, 
small-diameter  centrifugal  compressors  are  the  temperature-rise  factor  and  the 
slip  factor.  The  slip  factor  is  indicative  of  the  work  imparted  to  the  fluid  through 
the  change  in  its  angular  momentum  (Euler  work)  and  governs  the  pressure  ratio 
which  the  impeller  will  produce.  The  temperature -rise  factor,  on  the  other  hand, 
gives  the  total  work  done.  The  difference  between  the  total  work  and  the  Euler 
work  is  a  measure  of  the  temperature  rise  resulting  from  disk  friction  and  recir¬ 
culation.  The  disk  friction  loss  is  caused  by  shearing  of  the  fluid  in  spaces  be¬ 
tween  the  rotating  impeller  and  stationary  boundaries.  The  recirculation  loss 
results  when  the  fluid  does  not  have  sufficient  energy  to  conform  to  the  diffuser 
static-pressure  gradient  and  is  forced  back  into  the  impeller,  where  it  is  heated 
further. 
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The  design  value  of  slip  factor  for  the  workhorse  impeller  was  0.90  as  calculated 
by  a  modified  form  of  Eckert's  equation  (Reference  20).  The  expression  is: 


where: 


SF  = 


1  + 


1 


ff  COS  ffe 


(33) 


t  =  angle  between  blade  mean  line  and  the  meridional  plane  at 
the  exit  (for  straight,  radial  blades,  £e  =  0 ) 

Z  =  number  of  impeller  blades 

d  =  root  mean  square  diameter  at  impeller  inlet 
RMS 

D^p  =  impeller  tip  diameter 


4 


% 


A  3 -percent  allowance  was  used  in  the  design  for  disk  friction  and  recirculation 
temperature  rise,  resulting  in  a  design  temperature-rise  factor  of  approximately 
0.93.  As  shown  in  Figure  360,  a  and  b,  the  test  value  of  slip  factor  at  design 
speed  is  approximately  0.93  while  the  test  temperature -rise  factor  is  0.97. 

The  slip  factor  of  0.93  was  higher  than  recorded  for  previous  impellers  designed 
by  the  contractor  by  approximately  3  percent.  The  earlier  designs,  however, 
were  at  lower  pressure  ratios  (3:1  to  7:1).  Indications  were  that  the  previously  ♦ 

used  conventional  methods  (such  as  Reference  5)  for  predicting  slip  factors  would 
require  modification  for  use  at  pressure  ratios  above  7:1.  It  was  believed  that  a 
more  complicated  internal  flow  pattern  resulted  at  high  tip  speeds,  causing  slip  to 
lie  outside  the  range  of  predictions.  Additional  discussion  of  this  subject  is  con¬ 
tained  in  Section  7.1.9. 

Profiles  of  the  slip  factor  and  the  temperature-rise  factor  are  presented  in  Fig¬ 
ures  305  and  303  for  both  the  zero-prewhirL and  the  +17-degree -prewhirl  cases. 

Nearly  all  test  points  showed  a  low  slip  factor  on  the  hub  side ,  denoting  a  lack  of 
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•  Line  3 

•  0  ▲  IGV  =  +  17°  0  Line  5 

•  0  a  IGV  *=  0*  A  Line  7 


(a) 


(b) 


(o) 

Figure  360.  Temperature-Rise  Factor  and  Slip  Factor,  Workhorse. 
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flow  guidance  by  the  impeller  blades  in  this  region.  The  condition  is  understand¬ 
able  in  light  of  the  previously  discussed  separation  of  the  flow  from  the  hub  sur¬ 
face.  The  gradient  of  slip  factor  from  hub-to-shroud  increased  slightly  with  speed 
for  the  different  test  points  at  zero  prewhirl,  as  shown  in  Figure  361.  For  the 
17 -degree  prewhirl  cases,  an  anomaly  occurred  in  the  hub  region.  As  the  speed 
increased  from  35,000  to  40,000  rpm,  the  slip  factor  near  the  hub  decreased  by 
4  to  5  percent.  It  remained  at  this  lower  level  until  46,000  rpm  when  it  began  to 
rise  again.  At  50, 000  rpm,  the  slip  factor  in  the  hub  region  was  nearly  the  same 
as  for  the  zero-prewhirl  case  (see  Figure  361).  Because  there  was  no  reasonable 
explanation  for  the  17 -degree  case,  subsequent  discussions  of  the  slip  factor  and  4 

the  temperature-rise  factor  will  be  based  solely  on  the  zero-prewhirl  results. 

It  was  shown  that  the  difference  between  slip  factor  and  temperature-rise  factor 
remained  nearly  constant  from  46,000  to  50,000  rpm,  as  shown  in  Figure  360. 

Nearly  all  test  points  showed  that  the  largest  difference  between  the  2  factors 

occurred  in  the  vicinity  of  the  diffuser  walls.  v 

7.1.2  MF-1  IMPELLER  (VANE LESS  DIFFUSER! 

The  target  performance  of  the  MF-1  impeller  at  the  design  point  was  a*  follows: 

Pressure  Ratio  13:1 

Adiabatic  Efficiency  93  percent 

Airflow  Rate  2 . 00  lb/sec 

For  comparison,  measured  performance  was  as  follows: 

Pressure  Ratio  9.3:1 

Adiabatic  Efficiency  73.9  percent 

The  test  results  of  the  MF-1  impeller  with  the  vaneless  diffuser  showed  a  condi¬ 
tion  of  rotating  stall,  which  had  adverse  effects  on  impeller  performance.  Cor¬ 
rection  of  the  stall  phenomenon  was  accomplished  by  adding  vanes  to  the  radial 
impeller  (RF-1)  test  section  (which  also  exhibited  the  condition  during  initial 
vaneless  runs).  Therefore,  tests  of  MF-1  discussed  in  this  section  include  the 
results  of  studies  that  led  to  detection  of  the  stall;  however,  no  attempt  was  made 
to  correct  the  stall  condition  in  MF-1. 

First  indications  of  a  deficiency  in  the  impeller  were  shown  by  static-pressure 
measurements  along  the  shroud.  The  pressure  rise  was  below  the  design  predic¬ 
tions  as  shown  in  Figure  232.  Figure  232  also  shows  the  extreme  case  of  no 
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Figure  361.  Temperature-Rise  Factor  and  Slip  Factor,  Workhorse. 
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diffusion  of  the  relative  flow  at  the  design  speed  (57,000  rpm)  and  the  design  air¬ 
flow  (2.00  pounds  per  second).  The  measured  static  pressure  at  the  impeller  tip 
was  approximately  4  psi  below  the  no-diffusion  case, pointing  toward  higher  internal 
losses  in  the  MF-1  impeller  than  were  assumed  in  die  design  predictions.  In 
addition,  indications  were  that  the  average  exit  relative  velocity  was  higher  than 
the  average  at  the  inlet.  Figure  236  shows  the  outer-radius  angle  measurements 
of  MF-1,  which  indicate  a  velocity  profile  at  the  exit  similar  to  that  found  for  the 
workhorse  impeller,  i.e. ,  low  through-flow  velocities  in  the  hub  region.  How¬ 
ever,  the  average  values  of  flow  angle  for  the  3  test  points  did  not  agree.  The 
scatter  was  also  evident  in  the  total-pressure  measurements  at  the  impeller  exit  * 

shown  in  Figure  230.  The  data  discrepancies  were  attributed  to  the  rotating-stall 
condition  in  the  vaneless  diffuser. 

Because  of  differences  in  the  measured  angles,  die  slip  factor  was  also  scattered, 
as  depicted  in  Figure  243.  The  temperature -rise  factor  showed  more  consis¬ 
tency,  since  only  the  temperature  and  rotational -speed  measurements  were  used  * 

in  its  determination.  By  referring  to  Figure  247 ,  it  can  be  seen  that  the  average 
value  at  the  design  speed  is  0,95.  In  addition,  Figure  246  shows  that  the  tempera¬ 
ture-rise  factor  was  higher  in  the  htf  region  than  at  the  shroud. 

For  the  MF-1  impeller  and  the  other  impellers  which  were  a  part  of  this  program, 
only  the  slip  factors  were  considered  in  the  design  predictions.  The  design  value 
of  slip  factor  for  MF-1  was  0.90.  The  predicted  pressure  ratio  and  efficiently  of 
MF-1  were  based  on  this  slip  factor.  Although  the  additional  temperature  rise 
caused  by  friction  and  backflow  was  not  incorporated  in  the  design  analysis,  its 
effect  was  accounted  for  by  assuming  that  the  efficiency  would  be  3  to  4  percent 
lower.  The  predicted  temperature-rise  factor  would  have  been  about  0.93,  or  2 
percent  lower  than  the  test  value.  No  comparison  was  made  between  the  test  and 
design  values  of  slip  factor  because  of  the  data  scatter. 

Referring  to  the  performance  map  for  the  MF-1  impeller  in  Figure  225,  it  was 

noted  that  the  impeller  choked  at  about  98  percent  of  the  design  airflow.  At  this 

airflow  of  1.97  pounds  per  second,  the  inducer  operated  at  about  +4-degree  4 

incidence.  Discussion  of  the  choking  is  presented  in  Section  7.1.8. 

7.1.3  RF-1  IMPELLER  (VANELESS  DIFFUSER) 

The  discussion  presented  in  Section  7.1.2  concerning  the  MF-1  impeller- 
performance  data  also  applies  to  RF-1  with  the  vaneless  diffuser.  Although  the 
vaneless  diffuser  of  the  RF-1  test  rig  was  not  instrumented  with  transducers  to 
identify  the  frequency  of  the  stall  cells ,  all  other  measurements  showed  the  same 
characteristics  as  MF-1.  Calculated  impeller-exit  vector  diagrams  were  very 
similar  to  those  for  MF-1.  Data  from  the  vaneless  tests  are  discussed  in  this 
section. 
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During  the  aerodynamic  tests  of  the  MF-1  and  workhorse  impellers,  it  was  appar¬ 
ent  that  blade -to-shroud  clearance  and  diffuser-passage  height  changed  with  speed 
because  of  impeller  deflection  and  thermal  distortion  of  the  diffuser-passage  walla 
Therefore ,  a  break-off-type  clearance-measuring  probe  was  developed  to  deter¬ 
mine  the  dimensional  changes.  These  probes  were  incorporated  in  the  checkout 
tests  of  the  RF-1  impeller  test  section  to  provide  information  concerning  the  rela¬ 
tive  motion  between  the  impeller  and  the  front  and  rear  diffuser  walls  and  to 
determine  the  influence  on  performance  over  the  entire  test-speed  range. 

The  data  collected  during  the  checkout  tests  indicated  considerable  axial  move¬ 
ment  of  the  impeller  tip  and  the  front  and  rear  covers  as  shown  in  Figure  218. 

At  the  design  speed  of  57,000  rpm,  the  clearance  between  the  impeller  and  the 
front  cover  was  reduced  by  about  0. 054  inch  from  the  buildup  value.  About  0. 014 
inch  of  this  reduction  was  due  to  the  movement  of  the  front  and  rear  covers, 
while  the  remaining  0.040  inch  was  due  to  the  axial  movement  of  the  impeller  tip. 
Because  the  relative  motion  between  the  impeller  and  the  front  and  rear  covers 
was  related  to  rotor  speed,  separate  shimming  operations  were  required  before 
running  of  each  test  speed  to  provide  the  desired  0.020-inch  design  clearance  to 
maintain  a  zero  step  from  the  impeller  hub  to  the  diffuser  rear  wall  at  the  tip. 

The  testing  sequence  is  shown  in  Table  XXII. 


Run 


la 


lb 


lc 


TABLE  XXH 

RF-1  CLEARANCE  TESTS 


Principal  Speed  (rpm) 

(Shimmed  for  0.020-inch  Test  Speeds 
clearance  and  zero  step)  (rpm)  Comments 


57,000 

42,000 

34,000 


57,000 
34,000 
42,000 
(  42,000 
I  34,000 
34,000 


Standard  Test 
Components 
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Performance  measurements  were  taken  at  34,000  rpm  for  all  three  runs  to  deter¬ 
mine  the  combined  effects  of  clearance  and  rear-wall  mismatch.  The  clearance 
and  step  are  noted  on  the  appropriate  data  plots  in  Section  6.1. 


Performance  of  the  RF-1  impeller  at  the  57, 000 -rpm  design  speed  was: 


Impeller  Pressure  Ratio 
Impeller  Adiabatic  Zfficiency 

By  comparison,  the  design  prediction  was: 

Impeller  Pressure  Ratio 
Impeller  Adiabatic  Efficiency 


8.6:1 

68.4  percent 


13.2:1 
93  percent 


The  influence  of  the  clearance  and  step  changes  on  the  impeller  performance  is 
shown  in  Figure  249.  At  34,000  rpm,  the  efficiency  increased  by  6  to  7  percent 
when  the  clearance  was  reduced  from  0.C58  to  0.033  inch  and  the  step  reduced 
from  0.028  to  0.010  inch.  With  the  clearance  and  step  reduced  to  0. 024  inch  and 
zero,  respectively,  no  significant  effect  on  the  performance  was  noted.  At 
42,000  rpm,  no  noticeable  gain  in  performance  resulted  when  reducing  the  clear¬ 
ance  from  0.044  to  0.022  inch  and  the  step  from  0.018  inch  to  zero.  Likewise, 
the  removal  of  the  sharp  corner  at  the  vaneless  diffuser  entrance  resulted  in  no 
performance  change. 


As  with  the  workhorse, the  decrement  in  performance  of  the  RF-1  impeller  was 
evidenced  by  a  comparison  of  predicted  and  test  values  of  the  static-pressure 
rise  along  the  shroud,  as  shown  in  Figure  256.  It  was  apparent  that  little,  if  any, 
diffusion  of  the  relative  flow  occurred  within  the  impeller.  Figure  256  also  shows 
the  predicted  static  pressure  at  the  exit  station  for  no  diffusion  of  the  relative 
flow.  The  large  discrepancy  between  the  no-diffusion  value  and  the  test  value 
indicates  that  the  internal  impeller  losses  were  higher  than  predicted  or  that  a 
higher  relative  velocity  occurred  at  the  exit  than  at  the  entrance. 

The  profile  of  flow  angle  at  the  impeller  exit  for  the  design  speed,  as  shown  in 
Figure  262,  does  not  indicate  the  deficiency  in  the  hub  or  shroud  regions  noted 
with  the  workhorse  impeller.  The  total -pressure  profile,  on  the  other  hand, 
shows  a  shroud-region  deficiency  (Figure  260).  The  temperature-rise-factor 
profile  at  the  impeller  exit  (Figure  272)  shows  a  higher  value  in  the  hub  region 
(0.96)  than  in  the  shroud  region  (0.93).  This  trend  is  in  agreement  with  the 
results  of  MF-1.  The  workhorse  impeller,  however,  displayed  an  opposite 
characteristic  in  that  the  temperature-rise  factor  was  highest  in  the  shroud 
region. 
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The  performance  map  for  the  RF-1  impeller  (Figure  249)  shows  that  the  choking 
airflow  rate  was  about  99  percent  of  the  design  airflow  of  2.00  pounds  per  second. 
At  choke,  the  average  incidence  at  the  inducer  is  +8  to  +9  degrees.  A  discussion 
of  the  high-incidence  choking  problems  is  presented  in  Section  7.1.8. 

7.1.4  ROTATING  STALL  IN  THE  VANELESS  DIFFUSER 

Of  tie  3  impellers,  the  workhorse  showed  the  best  performance  — about  8-  to  10- 
percent  efficiency  points  higher  than  RF-1  and  MF-1  at  the  design  rotor  speeds. 
Based  on  the  selected  design  parameters,  i.e. ,  inducer-blade  loading  (diffusion 
factor),  inducer  incidence,  inducer-inlet  Mach  number,  and  impeller  velocity 
distribution,  the  MF-1  and  RF-1  impellers  should  have  performed  better  than  the 
workhorse.  Because  these  parameters  did  not  lead  directly  to  an  explanation  for 
the  large  performance  difference,  it  was  believed  that  the  deficiency  might  have 
been  caused  by  differences  between  the  test  sections.  Primarily,  the  difference 
was  that  the  workhorse  had  been  tested  with  a  vaned  diffuser  while  both  MF-1  and 
RF-1  were  tested  with  a  vaneless  diffuser.  In  Reference  21,  Jansen  suggests 
that  a  vaneless  diffuser  of  conventional  geometry  is  prone  to  rotating  stall  when 
the  entrance  velocity  is  nearly  tangential  (within  10  to  15  degrees),as  is  the  case 
with  the  USAAVLABS  impellers.  If  the  vaneless  diffusers  of  the  MF-1  and  the 
RF-1  test  rigs  were  operating  in  a  condition  of  rotating  stall,  the  unstable  flow 
condition  would  have  an  adverse  effect  on  the  impeller  performance.  To  deter¬ 
mine  whether  this  phenomenon  was  responsible  for  the  lower-than -expected  per¬ 
formance  ,  pressure  transducers  were  installed  in  the  walls  of  the  vaneless 
diffuser  of  the  MF-1  test  t action.  The  transducers  were  located  at  radius  ratios 
of  1.10,  1.20,  and  1.44. 

Subsequent  tests  showed  the  suspected  stall  cells  and  their  influence  on  per¬ 
formance.  The  amplitude  of  static  pressure  fluctuation  increased  with  speed  and 
decreased  with  increasing  radius  ratio,  as  would  be  expected.  The  stall  cells 
rotated  in  the  same  direction  as  the  impeller  at  a  fraction  of  the  impeller  speed. 
Also,  because  the  cells  extended  to  the  collector,  static  pressure  in  the  cells  was 
higher  than  outside.  The  cells  were  nearly  constant-pressure  regions  and 
allowed  high  static  pressure  (approximately  the  collector  pressure)  to  be  trans¬ 
mitted  to  inner  radii,  resulting  in  nonuniform  back  pressure  at  the  impeller  tip 
and  an  adverse  effect  on  impeller  performance. 

Figure  223  is  a  presentation  of  the  static-pressure  rise  through  the  vaneless 
diffuser  of  the  MF-1  test  section  at  57 ,000  rpm.  For  comparison,  the  amplitude 
of  the  pressure  fluctuation  through  the  diffuser  is  presented  in  Figure  362.  If,  as 
mentioned  previously,  the  stall  cell  allows  a  pressure  very  nearly  equal  to  the 
collector  pressure  to  be  transmitted  to  inner  radii ,  the  transducers  at  these 
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locations  would  alternately  sense  a  high  pressure  (collector  pressure)  and  a  lower 
pressure  (local  static  pressure  outside  the  stall  cell).  Interpretation  of  the 
measured  static -pres  sure  variation  in  this  light  shows  good  agreement  with  the 
earlier  static-pressure  measurements. 

It  was  not  possible  to  determine  the  exact  rotational  speed  of  the  cells  because 
the  number,  circumferential  spacing,  and  shape  of  these  cells  could  not  be  iden¬ 
tified  with  existing  instrumentation.  Figure  224  shows  that  the  frequency  of  the 
pressure  fluctuations  was  approximately  a  linear  function  of  impeller  speed.  A 
sample  of  the  transducer-signal  trace  taken  at  57,000  rpm  is  shown  in  Figure  222. 

Because  of  the  similarity  in  RF-1  and  MF-1  exit  vector  diagrams  and  diffuser 
geometries,  the  rotating-stall  condition  was  also  believed  to  exist  in  the  RF-1 
diffuser.  To  eliminate  the  stall  it  was  necessary  to  modify  the  vaneless  diffusers 
by: 

1)  Reducing  the  vaneless  diffuser  flow-path  length;  and/or 

2)  Reducing  the  diffuser  passage  height. 

The  first  modification  was  expected  to  eliminate  the  stall  by  reducing  the  path 
length  over  which  the  alternating  high  and  low  pressures  acted.  The  second  was 
expected  to  increase  the  exit  radial  velocity,  and  in  so  doing,  increase  the  radial 
momentum  of  the  flow  while  also  decreasing  the  flow-path  length. 

After  careful  consideration  of  both  possibilities,  it  was  concluded  that  the  most 
effective  and  expedient  course  of  action  was  to  add  a  set  of  vanes  to  the  previous 
vaneless  diffuser.  This  modification  was  most  easily  accomplished  in  the  RF-1 
section,  because  the  available  vaneless  diffuser  was  designed  with  flat  and  parallel 
front  and  rear  walls.  Studies  of  a  possible  vaned  diffuser  for  the  MF-1  test  sec¬ 
tion  showed  that  considerable  expense  and  program  delay  would  result  from  the 
fabrication  of  a  set  of  vanes.  It  was  concluded  that  further  testing  of  MF-1  would 
not  be  advantageous,  and  that  the  most  value  would  be  derived  from  thorough 
testing  of  RF-1.  The  modification  to  the  RF-1  test  section  is  presented  in 
Table  XXIH. 

The  vanes  were  installed  at  a  radius  ratio  of  1.10  to  allow  space  for  the  pressure 
and  temperature  instrumentation  at  the  impeller  exit. 

For  the  modal  balance  operation  and  the  mechanical -checkout  test  of  RF-1 ,  a 
pressure  transducer  was  installed  at  the  radius  ratio  of  the  vane  leading  edges 
(1.10)  to  determine  the  effectiveness  of  the  vaned  diffuser  in  eliminating  the 
rotating  stall.  Throughout  the  speed  range,  there  was  no  indication  of  rotating 
stall.  The  results  are  described  in  Section  7.1.5. 
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TABLE  XXm 

RF-1  DIFFUSER  GEOMETRY 

Number  of  Vanes 

12 

Throat  Depth,  d 

0.205  inch 

Throat  Width,  W 

0.430  inch 

Throat  Length 

0.250  inch 

Channel  Divergence 

3  degrees 

Angie,  2£ 

(Symmetrical) 

Channel  Length-to-Width 

Ratio,  L/W 

7.65 

Vane  Leading-Edge  Wedge  Angle 

7  degrees 

Angle  at  Vane  Leading  Edge 
(measured  from  radial  direction) 

80  degrees 

7.1.5  RF-1  IMPELLER  EVALUATION  (VANED  DIFFUSER! 

The  RF-1  impeller  was  retested  with  the  vaned  diffuser  described  in  Section 
7.1.4.  The  resulting  performance  (presented  in  Figures  249  and  250)  showed: 

Impeller  Pressure  Ratio  10.0:1 

Impeller  Adiabatic  Efficiency  75.1  percent 

The  addition  of  the  vanes  increased  the  impeller-exit  pressure  by  1.4  atmospheres 
and  increased  the  adiabatic  efficiency  by  6.7  percent.  Although  the  improvement 
by  eliminating  the  rotating  stall  was  substantial,  the  performance  still  was  below 
the  predicted  levels  shown  in  Section  7.1.3. 

The  measured  impeller-exit  total-pressure  profiles  for  the  design  speed  (Figure 
260)  showed  that  the  shroud  side  was  deficient,  and  the  flow-angle  surveys 
(Figure  263)  indicated  that  backflow  along  the  shroud  occurred.  Measured  angles 
were  greater  than  90  degrees  (radially-outward  flow  is  designated  by  an  angle  of 
0  degrees,  while  a  tangential  flow  is  designated  by  an  angle  of  90  degrees). 
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Calculations  of  inducer-inlet  conditions  shbwed  that  the  large  incidence  at  which 
the  inducer  was  forced  to  operate  also  contributed  to  the  lower  -than-expected  per¬ 
formance*  As  shown  on  Figure  270,  the  incidence  at  design  speed  (57,000  rpm) 
was  +5  to  +8  degrees.  At  the  design  conditions,  the  rms  inlet  relative  Mach  num¬ 
ber  was  about  0.9,  indicating  that  the  compressibility  effects  on  the  suction  sur¬ 
face  of  the  inducer  blades  were  substantial. 

Despite  these  indications,  the  impeller  static-pressure  rise  (Figure  256)  im¬ 
proved  considerably  when  the  vaned  diffuser  was  added.  Hie  measurements 
suggest  that  the  previously  observed  large  circumferential  static-pressure  varia¬ 
tion  at  the  impeller  tip  (due  to  rotating  stall)  was  transmitted  into  the  impeller.  It 
was  reasoned  that  the  flow  in  the  impeller  was  strongly  influenced  by  high  static- 
pressure  fluctuations  and  adverse  pressure  gradients  at  the  tip.  Further,  it  was 
believed  that  this  situation  led  to  separation  of  the  flow  near  the  inducer  leading 
edge  and  was  responsible  for  the  inordinate  losses  in  diffusion  of  the  relative 
flow. 

The  addition  of  the  vanes  in  the  diffuser  also  resulted  in  an  increase  in  exit  flow 
angle  (more  tangential)  of  about  5  or  6  degrees.  It  was  evident  from  a  compari¬ 
son  of  Figures  262  and  263  that,  due  to  the  addition  of  vanes,  little  variation  of  the 
average  exit  flow  angle  occurred  with  speed,  while  for  the  vaneless-diffuser  tests, 
the  exit  flow  angle  varied  from  64  degrees  at  34,000  rpm  to  80  degrees  at  57,000 
rpm. 

Average  test  values  of  slip  factor  (0.89)  and  temperature -rise  factor  (0.95)  were 
nearly  the  same  as  the  vaneless  case.  Temperature-rise  factor  was  rather  con¬ 
stant  across  the  middle  two-thirds  of  the  passage  height  as  shown  in  Figure  272. 
Slip  factor,  on  the  other  hand,  dropped  off  rapidly  near  both  the  hub  and  shroud 
(Figure  271) ,  indicating  that  the  temperature  rise  due  to  recirculation  was  highest 
in  these  regions. 

Because  the  addition  of  vanes  in  the  diffuser  did  not  raise  the  impeller  perform¬ 
ance  to  the  predicted  level,  a  study  was  conducted  to  identify  other  possible  lossea 

It  was  believed  that  a  large  loss  may  have  occurred  because  of  jet  and  wake  mix¬ 
ing  at  the  impeller  exit.  The  jet-wake  flow  was  caused  by  separation  of  the  flow 
from  the  suction  surface  of  the  blades  within  the  impeller.  Basically,  this  loss 
was  considered  to  be  the  result  of  a  sudden  expansion  of  the  radial  velocity,  and 
the  loss  coefficient  is  expressed  as  [  1  -  (Ai/A2)2l  ,  where  Ai  is  the  flow  area 
just  inside  the  impeller  tip  (jet  area)  and  A2  is  the  flow  area  downstream  of  the 
impeller  tip  (diffuser-entrance  annulus  area).  As  noted  in  Section  7.1.3,  one  of 
the  earlier  RF-1  tests  was  run  with  a  chamfered  corner  of  the  diffuser  backplate 
at  the  diffuser  entrance  to  minimize  the  effects  of  a  backplate-to-impeller-hub 
mismatch.  It  was  later  felt  that  by  chamfering  the  backplate  at  the  diffuser  en¬ 
trance  (increasing  A2  ),  the  exit  mixing  losses  were  inadvertently  increased,  as 

555 


CONFIDENTIAL 


CONFIDENTIAL 


indicated  by  total-pressure  measurements  taken  in  that  region.  It  was  recognized 
that  the  chamfer  also  could  have  reduced  the  radius  ratio  at  which  mixing  was 
completed.  To  determine  its  influence  as  related  to  mixing  iosr.es,  the  chamfer 
was  removed  and  the  impeller  was  retested  at  the  design  speed  with  vanes.  How¬ 
ever,  no  change  in  performance  occurred.  A  comparison  of  the  total -pressure 
surveys  at  the  impeller  exit  (with  and  without  the  chamfer)  are  shown  in  Figure 
260.  From  the  calculated  incidence  at  the  inducer,  it  was  expectsd  that  an  im¬ 
provement  could  be  made  by  introducing  positive  prewhirl  at  inlet.  A  moaification 
was  made  to  the  test  section  by  adding  a  set  of  fixed  vanes.  It  wai3  calculated  that 
the  prewhirl  would  reduce  the  inlet  relative  Mach  number  and  the  incidence  on  the  * 

inducer  leading  edge  such  that  a  shock  in  the  inducer  passage,  resulting  from  the 
expansion  of  the  flow  around  the  leading  edge  and  the  curving  suction  surface, 
would  be  weakened  and  less  likely  to  cause  separation  of  the  suctioi  surface 
boundary  layer.  If  the  separation  could  be  delayed  until  further  do'vnstream  in  the 
impeller,  the  relative  flow  would  diffuse  and  show  an  increase  in  static  pressure 
at  the  exit.  The  guide  vane  geometry  was  as  follows:  % 


Number  of  Vanes 

13 

Camber  Angle 

18  degrees 

Chord 

1.00  inch 

Thickness/Chord 

0.04 

Leading-Edge  Radius 

0.02  inch 

Tip  Solidity 

1.05 

Hub  Solidity 

1.76 

Previous  tests  of  the  RF-1  impeller  showed  that  a  positive  radial  gradient  of  the 
axial  velocity  existed  at  the  inlet  and  caused  a  greater  incidence  at  the  hub  than 
at  the  tip  (see  Figure  270).  Therefore,  the  camber  angle  of  the  guide  vanes  was 
set  to  be  constant  from  hub  to  shroud  to  effect  a  greater  reduction  in  inlet  relative 
flow  angle  and,  therefore,  greater  incidence  at  the  hub  than  at  the  tip. 

Although  the  inlet  guide  vane  set  was  not  calibrated  in  a  separate  flow  test  to 
determine  the  deviation  and  loss  characteristics ,  the  deviation  was  determined 
analytically  using  Carter’s  rule.  At  the  RMS  radius  of  the  inducer  inlet,  the 
deviation  was  calculated  to  be  2.9  degrees. 

The  calculated  deviation  and  the  assumption  of  no  total -pressure  loss  across  the 
vane  set  were  used  to  determine  the  inlet  vector  diagrams  at  the  RMS  radius . 

The  resulting  vector  diagrams  are  shown  in  Figure  266.  By  comparing  this  fig¬ 
ure  with  Figure  265,  it  can  be  seen  that  the  incidence  at  the  choking  airflow  was 
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reduced  from  +5  to  +3.5  degrees,  while  the  inlet  relative  Mach  number  was  re¬ 
duced  from  0.90  to  0.76. 

A  comparison  of  the  measured  total  pressures  at  the  impeller  exit  is  shown  in 
Figure  260.  It  was  evident  that  no  increase  in  performance  resulted  from  the 
introduction  of  the  prewhirl.  Figure  260  showed  that  the  peak  total  pressure  de¬ 
creased  by  about  5-1/2  percent  to  151  psia,  due  to  the  guide  vane  losses.  This 
reduction  in  pressure  ratio  would  result  in  a  decrease  in  efficiency  of  about  2-1/2 
percent.  The  calculated  inlet  vector  diagrams  showed  that  the  work  input  was 
also  reduced  by  about  2-1/2  percent.  Therefore,  it  was  concluded  that  the  effi¬ 
ciency  of  the  guide  vane -impeller  combination  was  about  the  same  as  the  impeller 
without  any  prewhirl. 

7.1.6  AERODYNAMIC  EVALUATION 

When  the  diffuser  vanes  were  added  to  the  RF-1  test  rig  to  eliminate  the  rotating 
stall,  impeller  pressure  ratio  increased  from  8.6:1  to  10,0:1,  and  efficiency 
increased  from  68.4  to  75. 1  percent.  Subsequent  discussions  of  impeller  per¬ 
formance  will  deal  mainly  with  the  workhorse  and  the  RF-1  impellers,  each  of 
which  was  tested  with  vanes.  It  was  believed  that  detailed  study  of  the  * srform- 
ance  difference  between  these  2  impellers  would  lead  to  new  understanding  of  flow 
mechanics  in  high-pressure-ratio  impellers.  An  overall  comparison  of  the  im¬ 
pellers  is  given  in  Table  XXIV. 


TABLE  XXIV 

PERFORMANCE  COMPARISON  OF  RF-1  AND  WORKHORSE  IMPELLERS 

Pressure 

Efficiency 

Ratio 

(percent) 

RF-1  10.0:1 

75.1 

Workhorse  (Includes  IGV  Losses)  11.25:1 

79.5 

The  workhorse  impeller  was  tested  with  complete  aerodynamic  instrumentation  at 
the  tip  only  when  inlet  guide  vanes  were  installed.  However,  through  continued 
testing  with  the  various  diffuser  elements ,  sufficient  data  were  available  to  estab¬ 
lish  the  ratio  of  the  choking  airflow  rate  of  the  compressor  with  the  guide  vanes 
installed  to  the  choking  airflow  rate  without  the  guide  vanes .  This  ratio  was 
0.967  and  was  interpreted  as  the  influence  of  the  guide  vanes  on  pressure  rise 
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through  the  compressor.  When  corrected  by  this  factor  to  eliminate  the  guide 
vane  effect,  the  calculated  workhorse  impeller  performance  was: 

Pressure  Ratio  11 . 63:1 

Adiabatic  Efficiency  81.0  percent 

Parameters  used  in  the  design  of  these  impellers  were  studied,  with  particular 
interest  placed  on  diffusion  rates  and  blade  shapes,  as  discussed  in  the  following 
paragraphs. 

Inducer 


The  inducer  parameters  were  of  prime  importance ,  because  it  was  believed  that 
overall  impeller  performance  was  strongly  dependent  on  inlet  conditions.  The 
principal  inducer-performance  parameters  considered  were  as  follows: 

1)  Blade -loading  parameters:  Diffusion  factor, 

Blade-surface  velocity  distributions; 

2)  Inlet-tip  relative  Mach  number; 

3)  Incidence  at  the  leading  edge. 

Loading  Parameter  —  The  design  diffusion  factors  for  hub,  mean, and  tip  stream- 
tubes  are  shown  in  Figure  363  for  both  the  RF-1  and  the  workhorse  impellers. 

This  plot  shows  that  the  inducer  aerodynamic  loading  was  higher  for  the  work¬ 
horse  impeller  than  for  the  RF-1.  In  addition,  the  inducer  of  RF-1  was  designed 
to  have  a  loading  identical  to  a  high-performance  inducer  developed  previously 
through  Boeing  research  (see  Section  2 . 0,  Analytical  Studies) .  Blade-surface 
velocities  for  the  workhorse  and  RF-1  impellers  are  shown  in  Figures  364  and  365 
for  hub,  mean,  and  tip  streamtubes  of  the  inducer.  This  comparison  shows  that 
more  diffusion  was  required  of  the  workhorse  than  of  the  RF-1.  With  this  higher 
loading,  the  workhorse  impeller  was  believed  to  be  more  prone  to  separation 
early  in  the  inducer  region.  In  addition,  test  data  showed  that  the  workhorse  im¬ 
peller  operated  with  a  higher  inlet  relative  Mach  number  and  a  greater  inducer 
incidence  than  RF-1.  Test  values  are  given  in  Table  XXV. 

Therefore,  on  the  basis  of  the  original  design  criteria,  RF-1  was  expected  to  have 
better  performance  than  the  workhorse  impeller;  this  did  not  occur.  Further 
impeller-design  evaluation  was  necessary  to  determine  causes  for  the  unpredicted 
difference. 

As  a  first  step,  the  design  criteria  used  for  the  impellers  were  revaluated.  Blade- 
surface-velocity  distributions  were  considered  in  combination  with  boundary-layer 
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gure  363.  Design  Diffusion  Factors,  Workhorse  and  RF-1  Inducers. 
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Meridional  Distance  (in* ) 


Figure  364.  Blade-Surface  Velocities,  Workhorse. 
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Figure  365.  Blade-Surface  Velocities,  RF-1. 
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calculations  (see  Reference  22)  and  revealed  that  it  may  be  desirable  to  have  a 
rapid  deceleration  in  the  inducer  region  where  the  boundary-layer  displacement 
thickness  is  smallest.  The  shape  factor,  which  is  the  ratio  of  die  boundary-layer 
displacement  thickness  to  the  momentum  thickness,  is  a  measure  of  the  boundary- 
layer  profile.  The  larger  the  shape  factor,  the  nearer  the  point  Is  for  separation; 
or,  for  a  given  momentum  thickness,  .he  larger  the  displacement  thickness,  the 
more  imminent  is  separation.  When  decelerating  at  a  slow  rate,  the  boundary- 
layer  displacement  thickness  is  considerably  larger  than  when  the  same  final 
velocity  is  attained  by  a  rapid  deceleration.  Therefore,  rapid  deceleration  of 
flow  might  be  considered  the  most  logical  way  to  design  an  inducer.  However,  a 
rapid  deceleration  of  the  flow  early  in  the  inducer  is  in  contrast  to  axial-rotor 
criteria  that  place  limits  on  diffusion  factor,  which  is  primarily  a  function  of  the 
diffusion  through  the  blade  row, 


Diffusion  Factor,  D.F. 


V.  .  AV. 
local  tangential 

inlet  inlet 


(34) 


If  the  velocity  ratio  is  low,  the  diffusion  factor  can  only  be  reduced  through  in¬ 
creased  solidity.  This  trend  toward  high  solidity  can  lead  to  a  large  number  of 
inducer  blades  and  high  blockage  at  the  inducer-entry  region. 

Effects  of  Blockage  on  Mach  Number  and  Incidence — Section  2.0  has  shown  that 
the  inducers  were  designed  with  high  inlet  Mach  numbers  ranging  from  0.95  to 
1.23.  Further,  it  was  apparent  from  the  Analytical  Studies  that  both  Mach  num¬ 
ber  r^d  incidence  would  be  strongly  dependent  on  the  actual  blockage.  Therefore, 
the  effects  of  blockage  on  the  inlet  Mach  number  and  the  vector  diagram  were 
investigated  thoroughly. 

It  can  be  seen  in  Table  XXV  that  the  RMS  incidence  of  the  workhorse  and  RF-1 
impellers  was  between  +5  and  +9  degrees.  This  incidence  was  determined  using 
the  static  pressure  measured  along  the  inlet  hub  and  shroud,  as  presented  in 
Section  6.0.  Assuming  a  linear  variation  between  hub  and  shroud,  the  absolute 
velocity  was  calculated  for  the  given  airflow.  Knowing  the  rotor  speed,  the  vec¬ 
tor  diagram  was  constructed,  and  incidence  was  determined  with  respect  to  the 
mean  camber  line  of  the  blade.  Section  2.0  has  shown  that  the  impellers  were 
designed  with  about  1.0-degree  incidence,  which  is  different  than  that  calculated 
from  test  data.  One  reason  for  this  difference  has  been  related  to  the  method  of 
calculating  blade  blockage  at  the  inducer  inlet.  Another  is  the  technique  used  in 
compensating  for  the  blockage.  For  example,  axial  compressor  inlet  vector 
diagrams  are  generally  calculated  with  blockage  factors  of  1.0,  but  the  design 
must  then  incorporate  an  incidence  of  +3  to  +5  degrees  to  ensure  that  the  rotor 
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will  pass  the  design  airflow.  On  the  other  hand,  centrifugal  impeller  designs 
generally  have  blockage  applied  to  the  vector  calculations, and  a  low  incidence  is 
used  (1.0  degree). 

In  the  original  impeller  designs  for  this  program,  the  blockage  was  determined 
based  on  leading-edge  blade  thickness  (see  Figure  366). 


Figure  366 .  Blockage-Flow  and  Area  Calculation,  Constant  Blade  Thickness. 


The  available  flow  area  was  determined  in  a  plane  normal  to  the  impeller  center- 
line  and  then  rotated  for  the  relative  flow  as  shown  in  Figure  366  for  constant¬ 
thickness  blades.  Therefore,  the  blade  blockage  was  determined  as: 


Blocked  Area  =  2  x  (Number  of  Blades)  x  (Blade  Height)  x 
(Average  Leading-Edge  Radius). 


The  high  incidence  noted  in  Table  XXV  illustrates  that  the  blocked  area  was 
greater  than  that  predicted.  It  was  determined  that  this  difference  was  caused  by 
tiie  double -circular-arc-type  blade  used  in  the  impeller  designs.  Figure  367  is  a 
sketch  of  the  inducer  leading  edge  with  a  double -arc  blade. 
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It.  can  be  seen  that  the  thickness  increases  beyond  the  leading  edge,  causing  the 
effective  blockage  to  be  further  increased.  In  the  case  of  the  previous  parallel- 
type  inducer  blades,  the  change  in  blade  angle  was  sufficient  to  place  the  minimum 
area  at  the  leading  edge.  With  the  increased  thickness  of  the  double -circular-arc 
blade,  the  camber  was  not  enough  to  compensate;  therefore,  a  minimum  area 
downstream  of  the  leading  edge  occurred. 

Original  Impeller  Loss  Analysis 

In  designing  the  impellers,  empiric?1  total -pressure-recover  data  were  used. 

These  data  were  generated  from  previous  tests  condv  :ted  by  the  contractor  and 
showed  the  variation  of  inducer  total-pressure  recovery  with  inlet  relative  Mach 
number  and  incidence.  In  each  design,  a  loss-accounting  analysis  was  under¬ 
taken,  and  the  losses  considered  were: 

1)  Hub  and  shroud  friction  loss; 

2 )  Diffusion  and  1  <lade -loading  loss. 

The  methods  described  in  Reference  20  were  used  in  the  calculations.  Analyti¬ 
cally  determined  losses  were  found  less  than  or  equal  to  the  empirical  data; 
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therefore,  the  designs  were  considered  acceptable.  Using  either  the  analytical- 
or  empirical -loss  data,  the  differences  between  RF-1  and  MF-1  could  not  be 
explained. 

Flow  Model 

Since  the  loss  analysis  failed  to  point  out  the  large  (approximately  15  percent) 
difference  in  the  total-pressure  recovery  for  the  workhorse  and  RF-1  impellers, 
it  was  apparent  that  the  basic  impeller  flow  model  and  the  resulting  loss  analysis 
required  revision.  From  technologies  available  when  these  impellers  were  de¬ 
signed  (see  Section  2.0  and  Appendix  I),  the  flow  model  could  be  described  as 
follows: 

The  flow  approaches  the  impeller  at  some  incidence  which,  as  mentioned 
previously,  depends  on  blade  blockage,  inlet  relative  Mach  number, and  inlet 
blade  angle.  Because  no  reliable  method  was  available  for  determining  the 
flow  field  on  the  blade  surfaces  near  the  leading  edge ,  the  analysis  was  con¬ 
cerned  mainly  with  the  average  flow  midway  between  the  blades.  Down¬ 
stream,  well  into  the  inducer,  the  Rapid  Approximate  Method  (Reference  4) 
was  used  for  predicting  the  blade-surface  velocities.  It  was  believed  that  the 
double-circular-arc  blade  in  the  leading-edge  region  would  result  in  best 
inducer  performance.  Axial  rotors  using  this  type  of  blade  were  successful 
in  a  similar  regime  of  Mach  number  and  incidence  angles. 

The  analysis  recognized  that  the  flow  along  the  suction  surface  at  the  leading 
edge  was  very  important  for  avoiding  separation  and  achieving  best  perform¬ 
ance.  It  was  expected  that  by  using  proved  blade  sections  in  this  region, 
the  performance  objectives  would  be  realized.  Downstream  of  the  blade 
leading  edge,  diffusion  rates  provided  by  2 -dimensional  boundary-layer  cal¬ 
culations  and  axial -rotor  loss  correlations  were  used  to  determine  the 
amount  of  diffusion  which  could  take  place  before  separation  occurred.  If 
the  local  velocities  at  the  leading-edge  r<  e  ion  were  ignored,  separation  was 
predicted  at  velocities  low  enough  so  tha*  no  large  mixing  loss  (within  or 
downstream  of  the  impeller)  was  expected.  Therefore,  no  allowance  was 
made  for  mixing  losses  other  than  those  associated  with  diffusion  and  blade 
loading. 

7.1.7  REVISED  LOSS  ANALYSIS 


In  the  preceding  discussions,  it  was  shown  that  the  original  loss  analyses  for 
impellers  were  not  adequate  for  design  at  rotor  pressure  ratios  near  13:1. 

Therefore ,  an  extensive  survey  of  new  information  relative  to  fluid  mechanics  of 
centrifugal  impellers  was  undertaken.  Both  empirical  and  theoretical  informa¬ 
tion  were  perused.  Dean  and  Senoo  (Reference  23)  reported  that  for 
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low-specific-speed  impellers  (such  as  the  workhorse  and  RF-1),  where  flow  sep¬ 
aration  may  be  extensive ,  the  loss  caused  by  mixing  of  the  jet-wake  flow  in  the 
vaneless  diffuser  will  be  significant.  Once  the  flow  separates  from  the  suction 
surface,  the  main  flow  acts  as  a  jet  along  the  pressure  surface  to  the  exit  (see 
also  Section  2.1.1).  The  separated  region  (wake)  has  almost  no  flow.  For  com¬ 
pressible  flow,  Dean's  theory  of  the  separated  impeller  leads  to  a  jet  of  constant 
bulk  mean  relative  Mach  number.  A  schematic  sketch  of  flow  in  the  impeller  is 
shown  in  Figure  368.  This  theory  has  been  confirmed  for  the  incompressible  flow 
case  by  water  visualization  studies  which  indicate  that  the  cross-sectional  area  of 
the  jet  remains  constant  from  the  separation  line  to  the  impeller  rim.  * 


Impeller 


U 

Figure  368.  Schematic  of  Impeller  Flow. 
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Additional  impeller  losses  are  related  io  friction  and  clearance.  Although  friction 
was  included  in  the  design  analysis,  the  exact  effects  of  clearance  were  not  known. 
However,  the  need  for  small  blade -to -shroud  clearance  was  well  recognized. 
Another  consideration  was  internal  mixing,  but  it  was  reasoned  that  very  little 
mixing  of  the  jet  and  wake  flow  took  place  inside  the  impeller  because  of  the  sup¬ 
pressive  nature  of  the  blade- -to -blade  component  of  the  Coriolis  force,  which  is 
quite  significant  for  radial-flow  machines.  Inducer  leading-edge  shock  losses 
were  not  included  because  they  were  believed  to  be  of  secondary  magnitude. 

Friction  Loos 

Friction  losses  within  the  impeller  are  dependent  on  the  absolute  velocity  along 
the  shroud  and  the  relative  velocity  along  the  blade  and  hub.  These  losses  were 
calculated  by  using  the  methods  derived  for  friction-flow  analyses  from  Reference 
20. 

Shroud  Friction  Loss  —  This  loss  is  caused  by  skin  friction  as  the  fluid  flows 
along  the  stationary-shroud  surface.  This  loss  was  approximated  by  using  a 
simple  plate-flow  analogy  as  follows: 


ap  =  ki<49f 


where: 

2 

AP  =  pressure  loss  (lb/ft  ) 

K  =  empirical  constant  **  1.4 

=  friction  factor  =  0.074/(Re)0,2 
L  =  flow-path  length  (ft) 

D  =  local  diameter  (ft) 

P  =  average  density  (lb/ft  ) 

V  =  local  velocity  (ft/sec) 
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go 

F 


He 


=  proportionality  constant 
in  Newton’s  Law 


*b  ft 

32-2ib^c2 


=  —  in  English  units 
So 

=  average  Reynolds  number  =  -  V- 


Hub  and  Blade  Friction  Loss  —  This  loss  is  evaluated  using  the  common  expres¬ 
sion  for  pipe  loss  at  equivalent  conditions  as  follows: 


A  P  =  3/4 


(36) 


where: 


2 

AP  =  pressure  loss  (lb/ft  ) 

L  =  average  flow  length  (ft) 


dH 

w 


=  average  hydraulic  diameter  of  passage  (ft) 
=  average  relative  velocity  (ft/sec) 


friction  factor  for  a  pipe  with  diameter 
evaluated  for  the  appropriate  surface  roughness 

,  _  '•dn  w 

at  Re  =  — - 


The  3/4  factor  accounts  for  the  fact  that  the  shroud  loss  is  calculated  separately. 
Clearance  Losses 


Clearance  losses  result  from  flow  leakage  from  the  pressure  to  the  suction  side 
through  the  finite  clearance  between  the  stationary  shroud  and  the  rotating  blades. 
The  loss  was  estimated  by  using  the  empirical  equation  presented  in  Reference  11. 
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For  an  assumed  blade  loading,  the  loss  is: 


where: 

AP  =  pressure  loss  (lb/ft2) 

K  =  empirical  constant  ~  0.6 

An  =  clearance  (ft) 

b  =  impeller-tip  blade  width  (ft) 

\  =  impeller-tip  absolute -tangential  velocity  (ft/sec) 

U4  =  wheel  speed  at  impeller  tip  (ft/sec) 

Wa  =  airflow  (lb/sec) 

d^  =  impeller-tip  diameter  (ft) 

d  .  =  inducer-shroud -entrance  diameter  (ft) 

si  ' 

Z  =  number  of  blades 

3 

=  density  at  inducer  entrance  (lb/ft  ) 

P4  =  density  at  impeller  tip  (lb/ft3) 

The  friction  losses  were  determined  by  summing  the  calculated  losses  for  8  to  10 
small  increments  of  flow -path  length,  while  the  clearance  loss  was  calculated  in 
one  step  for  the  entire  impeller. 
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Exit  Mixing  Loss 

Exit  mixing  loss  is  related  to  separation  inside  the  impeller  passage.  When  the 
flow  leaves  the  impeller  tip  and  enters  the  vaneless  space,  a  sudden  area  increase 
is  felt  as  the  jet  and  wake  mix  together.The  mixing  loss  is  evaluated  as  a  sudden 
dump  of  the  radial  vector.  The  radial  vector  is  influenced  by  the  exit-jet  Mach 
number,  the  ratio  of  wake-width-to-jet-width  at  the  impeller  tip,  and  the  angle  of 
the  flow  leaving  the  impeller.  Because  the  exit  mixing  loss  can  be  a  large  part  of 
the  total-pressure  loss,  it  is  important  in  any  impeller  design  to  avoid  early 
separation.  Therefore,  evaluation  of  the  impeller  design  must  include  an  analysis 
to  determine  where  separation  inside  the  impeller  will  occur  and  a  method  of 
selecting  inducer-blade  shape  to  delay  separations  as  far  along  the  impeller  flow 
path  as  possible.  It  is  recognized  that  overvelocities  exist  on  the  suction  surface 
near  the  blade  leading  edge  and  that  the  magnitude  of  this  velocity  is  dependent  on 
the  inlet  relative  Mach  number  as  well  as  incidence.  From  boundary-layer  con¬ 
siderations  it  can  be  shown  that  flow  in  the  passage  will  separate  after  a  velocity 
reduction  of  about  40  percent,  in  addition,  there  is  an  initial  overvelocity  on  the 
blade  which  has  a  major  influence  on  the  separation  point.  If  this  overvelocity  is 
large  enough,  separation  can  occur  at  the  leading  edge.  Because  of  the  impor¬ 
tance  of  determining  the  flow  conditions  at  the  point  of  separation,  a  detailed  dis¬ 
cussion  of  the  analyses  and  a  literature  review  on  this  subject  will  be  presented  in 
Section  7.1.8 - 

The  analytical  techniques  used  are  similar  to  those  presented  in  Reference  23  for 
the  incompressible  case.  Curves  showing  the  variation  of  the  total-pressure  re¬ 
covery  P$/P0  through  the  mixing  process  are  shown  in  Figures  369  rhr.^ugh  372 
as  functions  of  the  ratio  of  the  wake-width-to-blade-pitch  (c)  ,  the  tangent  of  the 
absolute  flow  angle  (>)  at  the  impeller  tip,  and  the  bulk  mean  absolute  Mach 
number  (M)  .  These  mixing  loss  curves  were  calculated  with  the  assumption  of 
zero  flow  out  of  the  wake. 


€  _  _ wake  width _ 

(2  it)  (radius)  ^/number  of  blades 

>  =  tangent  of  bulk  mean  absolute  flow  angle  at  the  tip 

* 

P0  total  pressure  after  mixing _ 

p0  mass -averaged  total  pressure  before  mixing 


Comparison  of  Loss  Analysis  With  Test  Data  —  The  preceding  impeller  analysis 
was  used  as  a  tool  to  determine  the  magnitudes  of  losses  that  occur.  Before  this 
analysis  can  be  accepted  it  must  be  evaluated  with  respect  to  the  test  data  from 
the  program,  and  finally  the  loss  analysis  must  be  incorporated  as  part  of  an 
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Figure  369.  Impeller- Exit  Mixing  Loss. 
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Figure  370.  Impeller-Exit  Mixing  Loss. 
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Figure  372,  Impeller- Exit  Mixing  Loss, 
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impeller-design  method.  Since  the  flow  conditions  at  the  impeller  tip  were  known 
from  test,  the  loss  could  be  calculated  without  determining  the  separation  point. 
For  the  analysis,  the  measured  static  pressure  at  the  exit  of  the  impeller  was 
used  with  the  calculated  relative  total  pressure  at  the  exit  to  determine  the  bulk 
mean  jet  Mach  number  in  the  following  manner. 

1)  Static  pressure  at  the  exit  was  obtained  from  plots  of  shroud  static  pressure 
versus  distance  along  the  shroud. 

2)  Relative  total  temperature  at  the  exit  was  obtained  from  the  Euler  work 
relationship: 


2  V 

u  U,  Ti 

l  —  Vi  i  ®  i  1 

\3  “  hTx  2gJ  '  gj 


0 


where: 


and 


h  =  specific  relative  total  enthalpy  at  impeller  exit  (Btu/lb) 

3 

hT  =  specific  absolute  total  enthalpy  at  impeller  inlet  (Btu/lb) 
i 

U  =  impeller-exit  peripheral  speed  (ft/ sec) 
e 

U.  =  impeller-inlet  peripheral  speed  (ft/sec) 

V  =  tangential  component  of  the  inlet  absolute  velocity  (ft/sec) 

1 

g  =  acceleration  due  to  gravity  (32.17  ft/sec2) 

J  =  mechanical  equivalent  of  heat  778 

T»p  ~  ^  0*ip  )  (38) 

3  3 
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3)  The  isentropic  relative  total  pressure  at  the  exit  is  obtained  from: 


y 


where  the  subscript  2  refers  to  the  inlet-relative  conditions. 

4)  The  relative  total  pressure  at  the  exit  is  calculated  by  reducing  the  isentropic 
value  by  the  internal  losses  determined  from  the  relationships  described 
above. 


(e)  -(J/R)  (AS) 


(40) 


where: 

=  calculated  relative  total  pressure  at  the  impeller  exit 
T3  (lb/in.2) 

e  =  base  of  the  Napierian  system  of  logarithms  (2.7182) 

ft*  lb 

R  =  gas  constant  for  air  (53.3  ) 

AS  =  specific  entropy  change 

[(AS>  clearance  +  (AS)Hub  and  +  <AS) Shroud  j  (rrprj-:) 

|_  Blade  Friction  Friction  J  •  ' 

5)  The  bulk  mean  jet  Mach  number  is  determined  from 


f  / _ 0»Lgxtt _ \ 

vPT3^  calculated  / 
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For  the  purposes  of  analysis,  a  simple  square -wave  was  assumed  for  the  jet-wake 
relative-velocity  profile  at  the  exit  of  each  blade  passage  with  no  axial  variation 
of  the  relative  velocities  as  shown  in  Figure  373. 


These  assumptions  are  consistent  with  those  of  the  authors  of  Reference  23 .  In 
addition,  an  initial  assumption  was  made  that  the  wake  had  a  zero  through-flow 
velocity.  With  the  flow  model  described  above,  the  calculated  jet  Mach  number 
and  total  temperature,  and  the  measured  value  of  the  slip  factor,  it  was  possible 
to  calculate  the  ratio  of  the  wake  width  to  the  blade  pitch  at  the  impeller  exit  from 
continuity  considerations.  The  bulk  mean  absolute  Mach  number  and  flow  angle  at 
the  exit  were  then  determined.  The  appropriate  curves  (Figures  369  tL rough  372) 
were  used  and  the  exit  mixing  loss  was  determined. 

Since  the  exit  mixing  theory  adopted  for  this  analysis  (Reference  23)  indicates  that 
the  mixing  is  completed  at  a  small  radius  ratio  (R/Rtip  *  1.02  to  1.05),  it  was 
assumed  that  the  impeller-exit  total  pressure  measured  at  a  raduis  ratio  of  1,02 
to  1.03  included  the  mixing  loss.  It  was  recognized  that  the  degree  of  correlation 
depended  on  this  assumption.  If  the  predicted  impeller  pressure  ratio  agreed  with 
the  measured  value,  it  can  be  assumed  that  the  jet  vector  diagram  and,  therefore, 
the  jet  relative  Mach  number  (as  determined  by  the  test  static  pressure  and  the 
calculated  internal  losses)  were  correct.  Then,  using  the  free-jet  flow  model,  the 
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relative  Mach  number  at  the  separation  line  can  be  determined.  The  separation 
Mach  number  would  then  help  to  indicate  the  amount  of  diffusion  accomplished 
within  the  inducer  section. 

With  the  zero  wake  flow  assumption,  the  analysis  did  not  produce  the  desired 

agreement  between  the  measured  and  predicted  impeller  pressure  ratios.  The 

results  showed  that  the  predicted  pressure  ratio  was  10  to  15  percent  higher  than 

the  mass-flow  averaged  impeller  pressure.  This  difference  illustrated  that  the 

assumption  of  zero  flow  through  the  wake  region,  invoked  to  simplify  the  analysis, 

was  not  valid.  * 

A  thorough  evaluation  was  conducted  to  determine  sources  of  the  disagreement. 

such  as  increase  in  the  internal  losses.  For  example,  an  increase  in  the  frirtion 

and  clearance  losses  will  result  in  a  corresponding  decrease  in  the  exit  mixing 

loss,  because  of  the  change  in  jet-wake  width,  resulting  from  a  decrease  in  the 

jet  relative  total  pressure.  The  evaluation  showed  that  the  exit  mixing  loss  must  * 

be  higher  to  effect  an  agreement. 

Further  analysis  showed  that  agreement  could  be  reached  between  the  calculated 
and  measured  pressure  ratio  when  the  assumed  airflow  through  the  wake  was  in¬ 
creased  from  zero  to  near  20  percent.  This  causes  an  increase  in  the  wake  width, 
resulting  in  the  higher  exit  mixing  loss  necessary  to  reach  agreement.  There¬ 
fore,  during  an  impeller  design,  it  would  be  necessary  to  add  a  further  complica¬ 
tion  of  predicting  the  percent  of  airflow  through  the  wake  to  determine  the  losses. 
Predicting  flow  in  the  wake  appears  to  be  a  complex  problem  and  may  require 
extended  empirical  study.  The  empirical  study  should  be  conducted  to  determine 
the  wake  velocity  distributions  from  hot-wire  traces  and/or  relative-total -pressure 
measurements. 

7.1.8  OVERVELOCITY  AND  SEPARATION  CONSIDERATIONS 


The  previous  analysis  showed  that  the  overall  loss  was  very  dependent  on  the 
location  of  suction-surface  separation  and  the  static -pres  sure  rise  through  the  * 

impeller.  Therefore,  refinement  of  the  design  method  was  necessary  to  permit 
prediction  of  the  velocity  at  the  point  of  separation.  Accurate  prediction  of  this 
velocity  requires  a  solution  of  the  flow  around  the  nose  of  the  inducer  blades. 

Three  approaches  were  evaluated,  and  the  overvelocity  at  the  nose  of  the  blade  • 

suction  surface  was  calculated  and  was  followed  by  a  determination  of  the  allow¬ 
able  velocity-reduction  ratio  before  separation  occurred. 

Thin  Airfoil 


To  define  the  velocity  distribution  at  the  blade-nose  region,  it  was  necessary  to 
revert  to  perfect-fluid  theory  in  the  form  of  either  the  method  of  conformal 
mapping  or  the  method  of  singularities.  The  former  method  is  more  exact,  but 
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the  latter  is  more  easily  applied  and  is  suitably  accurate  in  view  of  the  inherent 
limitations  of  perfect-fluid  theory.  In  the  method  of  singularities,  blade  profiles 
are  assumed  thin  and  slightly  cambered  and  the  blades  are  replaced  by  vortices 
arranged  along  the  chord.  The  theory  has  been  developed  by  Glauert  (Reference 
24),  Riegels  (Reference  25),  and  Schlichting  (Reference  26)  and  is  referred  to  as 
thin-airfoil  theory.  The  extension  of  Schiichting's  analysis  to  mixed-flow  cas¬ 
cades  is  presented  in  Reference  27.  Using  this  method,  however,  requires  a 
modification  to  the  solution  in  the  nose  region  in  the  form  of  Riegel's  factor.  This 
modification  eliminates  an  anomaly  at  the  nose  that  developed  from  the  method  of 
singularities,  where  an  infinite  velocity  at  the  leading  edge  at  any  incidence  other 
than  ideal  would  be  calculated. 

Using  Schiichting's  method  for  cascades  (as  presented  in  Reference  27)  gives  a 
solution  which  is  v^lid  for  the  assumptions  and  is  consistent  with  2-dimensional 
perfect-fluid  theory. 

Potential  Flow 

A  more  simple  overvelocity  prediction  is  obtained  by  using  the  results  of  the 
potential-flow  analysis  from  Reference  28.  This  analysis  shows  overvelocity 
coefficients  of  1.26  for  a  modified-arc  nose  and  a  velocity  peak  of  1.5  times  the 
free-stream  value  for  a  half-cylinder  on  a  plate  (see  Figure  374). 


V  /V  =1.26 
max  « 


V 

max 


/V 


=  1.50 


Half-Cylinder 


Figure  374.  Overvelocity  Coefficients. 


Compressibility  Corrections  —  In  applying  the  results  of  Schiichting's  method  (or 
the  isolated-airfoil  potential-flow  method)  to  inducer  blading,  corrections  must  be 
made  first  for  the  effects  of  compressibility,  and  second,  for  the  spanwise  (along 
the  blade  height)  variation  in  the  blade  loading.  The  compressibility  effects, 
which  can  be  incorporated  using  Gothert's  rule  if  sonic  velocities  are  not  reached 
on  the  profile,  greatly  increase  the  predicted  overvelocity.  This  is  still  only 
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two-dimensional,  and,  therefore,  is  not  representative  of  the  flow  conditions  on 
the  blading  of  an  inducer.  The  inclusion  of  the  3 -dimensional  effects  is  much 
more  difficult. 

There  are  some  considerable  3 -dimensional  effects  in  the  inducers  of  centrifugal 
impellers.  First  there  is  the  leakage  of  flow  over  the  tip  of  the  blade  through  the 
clearance  space  which  may  approach  the  thickness  of  the  blade  itself.  Tip  leakage 
over  the  usual  high-performance  centrifugal  blade  is  such  that  it  most  likely  im¬ 
proves  flow  conditions  on  the  suction  surface  of  the  blade  near  the  tip  in  the 
leading-edge  region.  Leakage  attenuates  the  highest  Mach  number  spikes  on  the 
blades  (that  is  the  lowest  static  pressures)  by  fluid  flowing  into  these  regions  and 
relieves  the  severe  acceleration  there.  Of  course,  tip  leakage  causes  some  loss 
in  efficiency  and  cannot  be  ignored,  but  it  has  been  shown  to  be  relatively  small 
by  comparison  to  separation  or  mixing.  Rains  shows  the  attenuation  effect  of  the 
leakage  in  Reference  29. 

Another  cause  of  3 -dimensional  effects  is  the  variation  of  loading  along  the  span 
of  the  blade,  caused  by  the  necessity  to  design  radial -element  blades  — fluid  at 
the  tip  of  the  inducer  blade  absorbs  much  more  work  than  that  at  the  hub.  The 
result  is  that  the  pressure  loading  on  the  blade  is  greater  at  the  tip  than  at  the  hub. 
Therefore,  strong  spanwise  pressure  gradients,  which  are  not  balanced  by  the 
centrifugal  acceleration,  can  develop.  These  gradients  tend  to. promote  outward 
flow  on  the  suction  side  of  the  blade  and  inward  flow  on  the  pressure  side.  The 
spanwise  flows  further  influence  pressure  distribution  around  the  blading. 

Wing  Theory 

In  the  preceding  sections ,  the  flow  field  was  defined  by  using  an  ideal  fluid  with  a 
compressible  modification  from  Gothert’s  rule.  It  has  been  shown  that  this  solu¬ 
tion  is  not  valid  for  supersonic  flow  where  the  blades  are  susceptible  to  the  in¬ 
fluence  of  shock-boundary-layer  interaction  (Reference  9).  Therefore,  applica¬ 
tion  of  analyses  of  cascade  and  single -transonic -wing  theory  was  pursued. 

It  was  believed  that  inducers  at  high  subsonic  Mach  numbers  generate  fluid-flow 
conditions  similar  to  transonic -axial -compressor  blades  and  wings.  However,  no 
detailed  experimental  investigations  of  flow  analogies  with  inducers  was  available 
in  the  literature.  The  transformation  appears  to  be  valid,  although  flow  through 
transonic-axial-compressor  cascades  may  require  a  separate  detailed  confirma¬ 
tion.  Most  of  the  prior  experimental  work  was  aimed  at  establishing  overall  cas¬ 
cade  characteristics  (and  has  been  useful  to  the  understanding) ,  but  such  data  are 
difficult  to  tie  explicitly  to  the  flow  phenomenon  which  occurs.  As  an  example, 
Reference  30  is  a  study  of  the  fluid-mechanics  treatment  of  transonic  cascade  in 
some  detail.  This  work  offered  some  insight  of  the  basic  investigations  necessary. 
However,  the  most  important  region  for  the  inducer  appears  to  be  the  leading- 
edge  section  of  the  airfoil,  where  the  axial -cascade  investigations  in  the  literature 
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do  not  provide  sufficient  information.  Therefore,  data  from  wing  profiles  must  be 
used  instead.  With  these  data,  some  particular  studies  have  been  made  of  the 
leading-edge  region  (Reference  31).  Undoubtedly,  there  are  other  studies  in  the 
literature  which  have  not  been  discovered.  Although  the  inducer  appeared  to 
operate  in  a  manner  similar  to  a  transonic-axial-compressor  rotor,  the  blading 
was  conventionally  stacked  in  a  different  fashion,  as  previously  noted.  The  in¬ 
ducer  and  the  axial  cascade  do  have  so-called  cascade  effects  which  do  not  occur 
with  the  single  wing;  i.e. ,  the  influence  of  one  blade  upon  another  which  may  alter 
the  fluid  dynamics  from  the  wing  case.  But  most  inducers,  particularly  near  the 
tip  where  the  Mach  numbers  are  highest,  have  relatively  large  stagger  angles 
(inlet  angles  between  45  and  60  degrees  from  axial).  The  blades  usually  are  also 
closely  spaced  so  that  a  considerable  portion  of  the  leading-edge  region  extends 
as  a  wing  into  the  entry  space.  For  this  reason,  it  is  believed  that  single -wing 
theory,  methods,  and  experimental  data  can  be  applied. 

One  of  the  principal  differences  between  the  inducer  (and  axial  cascade)  and  the 
aircraft  wirg  is  in  Reynolds  number.  For  example,  at  a  free-stream  Mach  num¬ 
ber  of  0.85,  transition  occurs  on  a  flat  plate  about  1/2  inch  behind  the  leading 
edge.  If  the  flow  is  sharply  accelerated,  transition  will  be  delayed;  but  as  soon  as 
diffusion  begins,  transition  should  occur.  In  the  actual  case,  transition  to  turbu¬ 
lent  flow  will  occur  on  an  aircraft  wing  near  the  airfoil  nose.  By  comparison,  a 
considerable  fraction  of  the  inducer  blade  (up  to  the  throat)  may  be  in  the  laminar 
regime.  Therefore,  a  significant  alteration  in  the  fluid-mechanics  analogy  was 
necessary.  According  to  Reference  9,  the  laminar  boundary  layer  can  withstand 
only  about  a  6-percent  velocity  change  before  it  separates.  In  contrast,  the  tur¬ 
bulent  boundary  layer  can  stand  about  35-percent  velocity  change.  Thus,  a  weak 
shock  will  more  readily  separate  a  laminar  boundary  layer  than  a  turbulent  one . 

In  general,  shocks  will  not  occur  on  a  blade  profile  until  the  high-curvature  nose 
portion  has  been  reached.  For  an  aircraft  profile,  this  shoulder  will  come  in  the 
turbulent  boundary  layer,  while  for  inducers  it  may  well  lie  in  the  laminar  region. 

Even  for  flat  plates  with  Reynolds  numbers  about  an  order  of  magnitude  higher 
than  those  typical  of  small  inducers ,  the  authors  of  Reference  31  observed  laminar 
shock-induced  separation  below  an  approach  Mach  number  of  about  0.83.  If  the 
Reynolds  number  were  reduced  an  order  of  magnitude  (as  in  the  inducer  case) ,  the 
Mach  number  at  which  the  boundary  layer  under  the  shock  changed  to  turbulent 
would  rise  considerably.  Very  likely, laminar  separation  could  persist  up  to  an 
approach  Mach  number  of  unity.  This  consideration  must  be  kept  in  mind,  or  it 
might  preclude  use  of  much  of  the  airfoil  data  in  the  literature. 

Shock-Induced  Separation  —  Pearcey  (Reference  32)  summarizes  separation  of 
laminar  and  turbulent  boundary  layers  caused  by  the  impingement  of  shock  waves 
and  shows  that  the  important  physical  factor  is  the  pressure  rise  to  the  point  of 
reparation  and  not  whether  the  shock  is  oblique  or  normal.  It  is  also  shown  that 
tl  is  pressure  rise  is  not  to  be  taken  as  that  which  occurs  by  reason  of  the  shock 
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interaction  with  the  boundary  layer — there  is  often  a  subsequent  pressure  rise 
caused  by  the  recovery  of  the  boundary  layer  from  the  effects  of  the  shock,  down* 
stream  of  the  shock  location.  This  overall  pressure  rise  across  the  shock- 
affected  rogion  may  not  be  the  only  parameter  against  which  to  correlate  separa¬ 
tion  tendencies.  Pearcey  (Reference  32)  summarizes  the  separation  criteria  for 
both  laminar  and  turbulent  boundary  layers. 

The  separating-pressure  coefficient  depends  upon  the  skin  friction  parameter. 

The  relationship  between  the  skin-friction  coefficient  and  the  lengthwise  Reynolds 
number  can  be  determined,  and  methods  are  available  for  both  the  laminar  and 
turbulent  boundary  layer  which  should  allow  a  sufficiently  accurate  prediction  of 
skin  friction.  This  means  that  one  should  be  able  to  predict  quite  well  the  sep¬ 
arating  pressure  rise. 

Shock-wave  interaction  with  a  laminar  boundary  layer  near  transition  to  turbulent 
flow  can  be  fairly  complex,  because  transition  may  be  induced  by  the  shock  itself, 
causing  different  behavior  downstream  from  the  shock  than  in  the  purely  laminar 
case.  The  separation  is  still  predicted  on  the  basis  of  the  laminar  model,  but 
whether  separation  persists  or  the  boundary  layer  reattaches  depends  upon  the 
Reynolds  number  ahead  of  the  shock.  Whichever  of  the  conditions  occurs  depends 
on  the  nature  of  the  flow  downstream  from  the  shock.  Pearcey  states  that  a  par¬ 
ticularly  important  consideration  is  whether  the  Mach  number  after  the  shock  is 
subsonic.  He  suggests  that  in  subsonic  flow,  the  divergence  of  the  decelerating 
stream  tubes  tends  to  force  the  flow  back  toward  the  wall  and  enhance  the  likeli¬ 
hood  of  reattachment.  On  the  other  hand,  if  the  flow  downstream  of  the  shock  is 
supersonic,  but  diffusing,  the  convergence  of  the  stream  tubes  tends  to  pull  the 
main  flow  away  from  the  wall.  Obviously,  the  curvature  of  the  wall  itself  is 
important;  if  it  curves  away  (convex)  too  sharply,  the  flow  will  not  reattach. 

Effect  of  Shock  on  Downstream  Boundary  Laver  —  The  literature  search  did  not 
reveal  new  information  relative  to  the  effect  of  shocks  on  downstream  boundary 
layer.  Pearcey,  however,  discusses  the  severity  of  separation  effects.  This 
discussion  is  qualitative;  apparently,  the  aircraft  designer  depends  upon  wind- 
tunnel  tests  and  the  effect  of  separation  on  the  measured  overall  force  and 
moment  coefficients  as  the  critical-input  data  for  the  design  process. 

For  an  inducer,  the  occurrence  of  a  shock  on  the  leading  part  of  the  vanes  will 
affect  the  ultimate  diffusion  possible  in  the  impeller.  As  the  shock  on  the  suction 
surface  of  the  blading  becomes  stronger  due  to  increasing  Mach  number  (such  as 
with  thicker  and  blunter  leading-edge  blades  or  an  increase  in  incidence) ,  the 
boundary  layer  will  eventually  reach  the  point  where  it  separates  early  in  the  sub¬ 
sequent  diffusion  process.  If  the  leading-edge  separation  is  severe  enough  so  that 
the  boundary  layer  does  not  reattach  and  recover  before  diffusion  commences 
downstream  of  the  throat  between  the  vanes,  there  will  be  no  pressure  recovery 
at  all  in  the  passages.  The  severity  of  the  effect  of  a  shock  depends  upon  the 
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configuration  of  the  blading  after  the  shock.  Of  particular  concern  is  the  adverse 
pressure  gradient  required  of  an  attached  flow;  it  depends  upon  whether  this  ad¬ 
verse  pressure  gradient  is  imposed  upon  a  laminar  or  turbulent  boundary  layer. 
Therefore,  if  the  shock  separates  a  laminar  boundary  layer  and  that  boundary 
layer  does  not  transist  to  turbulent  flow,  but  reattaches,  a  subsequent  adverse 
pressure  gradient  from  diffusion  may  cause  a  second  separation.  On  the  other 
hand,  if  the  shock  caused  transition  or  if  the  boundary  layer  were  already  turbu¬ 
lent  ahead  of  the  shock,  the  effects  of  a  given  pressure  gradient  would  be  much 
improved.  It  is  plain  that  the  conditions  of  the  boundary  layer  after  the  inevitable 
shock  must  be  known  if  conclusions  a.  e  to  be  derived  from  theory  and  other 
experimental  work  in  the  absence  of  data  on  inducer-like  units  or  cascades. 
Apparently,  profile  characteristics  are  not  reported  in  the  literature. 

Therefore,  the  need  for  extensive  test  data  concerning  the  mechanics  of  the  flow 
in  an  inducer-like  cascade  is  apparent.  Because  such  data  are  lacking  for  the 
present,  characteristics  of  airfoils,  as  affected  by  shock-induced  separation, 
must  be  used  to  provide  qualitative  criteria  for  the  design  of  inducers. 

Airfoil  Characteristics — The  characteristics  of  airfoils,  as  affected  by  shock- 
induced  separation,  may  be  presented  in  a  number  of  ways.  These  will  be  dis¬ 
cussed  below. 

The  aerodynamicist  marks  the  point  where  the  static  pressure  at  the  surface  of 
the  airfoil  starts  to  change,  i.e. ,  diverge, as  the  critical  state  at  the  beginning  of 
significant  effects  of  shock  separation  on  airfoil  performance  (see  Figure  375). 
This  criterion  is  successful  for  airfoils  and  marks  the  start  of  the  drag  rise  and 
loss  of  lift.  It  is  argued  that  this  criterion  is  also  applicable  to  the  centrifugal- 
compressor  inducer,  although  the  downstream  boundary-layer  conditions  behind 
the  shock  are  somewhat  different.  In  the  case  of  the  inducer,  the  boundary  layer 
flows  inside  a  channel,  formed  between  two  blades,  which  can  have  different 
separating  characteristics  than  those  of  an  isolated  airfoil.  This  is  well  illus¬ 
trated  by  the  case  of  straight-walled  diffusers  which  can  achieve  their  maximum 
performance  when  the  boundary  layer  is  in  transitory  separation.  For  an  isolated 
airfoil,  such  unsteady  separation  could  easily  be  undesirable.  Nevertheless,  this 
airfoil  criterion  is  the  best  available. 

For  single  airfoils  (Figure  376),  Pearcey  correlates  the  local  Mach  number  ahead 
of  the  shock  to  the  onset  of  pressure  divergence  at  the  trailing  edge.  This  Mach 
number  is  a  function  of  the  shape  of  the  nose  of  the  airfoil  and  the  included  angle 
at  the  trailing  edge.  This  trailing^edge -angle  effect  is  fairly  weak  and  can  be 
safely  ignored  for  inducers,  which  makes  Figure  376  only  a  function  of  nose 
geometry.  It  should  be  remembered  that  this  figure  is  based  on  data  taken  at 
typical -wing  Reynolds  numbers.  At  the  lower  Reynolds  number  of  inducer  blades, 
the  critical  Mach  numbers  could  be  considerably  lower.  The  parameter  includes 
nose  shape  and  incidence.  The  Mach  number  is  the  Mach  number  ahead  of  the 
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Reference  32 


Figure  375.  Trailing-Edge  Pressure  Divergence. 

584 


CONFIDENTIAL 


CONFIDENTIAL 


shock,  not  the  upstream  infinity  Mach  number.  As  X  increases, the  airfoil  nose 
becomes  progressively  blunter, which  raises  Mach  numbers  over  the  nose  for  a 
given  upstream  value.  Therefore,  one  cannot  say  that  a  large  value  of  X  is 
desirable;  it  depends  on  whether  the  local  Mach  number  increases  more  or  less 
rapidly  than  the  critical  value  at  trailing-edge  pressure  divergence.  In  any  event, 
a  given  airfoil  can  be  rated,  according  to  this  correlation,  as  to  whether  separa¬ 
tion  effects  are  serious. 


0.20 


h 

O 


0.30 


0.40 


Figure  376.  Critical  Mach  Number  Versus  Nose  Geometry. 
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The  method  of  Sinnot  and  Osborne  (Reference  33)  for  calculating  the  relationship 
between  the  upstream  Mach  number  and  the  local  Mach  numbers  on  the  airfoil 
surface  is  recommended  by  Pearcey.  For  the  shock  standing  well  forward  on  the 
airfoil,  it  is  suggested  that  the  method  of  Randall  (Reference  34)  be  used.  Al¬ 
though  these  references  have  not  been  studied  in  detail,  they  present  methods  by 
which  to  predict  the  Mach  number  distribution  of  the  airfoil,  including  the  shock 
which  is  matched  to  the  downstream  conditions. 

Airfoil  Performance  Maps — A  convenient  performance  map  for  an  airfoil  is 
shown  in  Figure  377  from  Reference  32 ,  where  lift  coefficient  or  incidence  is 
plotted  against  upstream  Mach  number.  There  are  4  regions: 

1)  Lower  left,  where  separation  effects  are  absent; 

2)  Upper  left,  at  low  Mach  number,  where  leading-edge  (probably  laminar) 
separation  occurs.  (There  is  a  boundary  marked  B-B’  between  the  low- 
speed  leading-edge-separation  regime  and  shock-induced  separation  at  higher 
Mach  numbers); 

3)  Lower  right,  extending  on  out  to  infinity,  is  the  supersonic  zone  where 
separation  again  disappears; 

4)  The  general  range  of  high  subsonic  Mach  numbers  where  it  is  not  possible 
to  avoid  shock-induced  separation. 

A  considerable  control  can  be  exerted  over  the  location  of  the  lower  Mach  number 
boundary  of  the  shock-induced  separation  line.  This  is  illustrated  in  Figure  378 
from  Reference  32.  It  would  be  very  desirable  to  use  a  compressor  inducer  blade 
which  exhibits  a  sizable  region  of  separation-free  operation  at  high  incidence  and 
at  the  value  of  the  approach  Mach  number.  Because  this  is  important,  the  factors 
which  affect  it  will  be  discussed  below. 

It  can  be  seen  that  an  impeller  might  exhibit  its  worst  performance  at  low  as  well 
as  high  Mach  numbers  with  the  same  incidence.  Therefore,  a  well-developed 
compressor  for  full-speed  operation  might  not  perform  as  well  at  lower  speeds, 
or  it  might  not  have  as  much  range. 

An  interesting  case,  documented  by  interfero grams ,  is  contained  in  Reference  31. 
The  authors  observe  the  effect  represented  by  line  B-B1  on  Figure  378,  where 
the  flow  went  from  a  leading-edge  separation  at  low  Mach  number  to  separation- 
free  flow  at  a  higher  Mach  number.  The  reason  seems  to  be  quite  plain:  an  air¬ 
foil  operating  at  a  given  incidence  can  pass  from  a  shock-free  flow  into  leading- 
edge  separation  as  the  Mach  number  is  reduced  because  the  Reynolds  number  is 
also  reduced.  As  the  free-stream  Mach  number  is  decreased,  the  sonic  region  on 
the  airfoil  shrinks  in  size,  and  the  shock  which  terminates  it  moves  forward 
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Figure  378.  Flow- Attachment  Boundary. 
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toward  the  leading  edge.  However,  the  extent  of  the  laminar  boundary  layer  on 
the  nose  is  increasing  toward  the  trailing  edge  due  to  the  decreasing  Reynolds 
number.  If  the  laminar  boundary  layer  extends  beyond  the  peak-velocity  point  on 
the  nose  of  the  airfoil  and  into  the  succeeding  region  of  adverse  pressure  gradient, 
the  boundary  layer  is  likely  to  separate.  The  result  is  a  change  in  the  boundaries 
of  the  free  flow,  such  that  a  new  pattern  occurs  with  the  shock  standing  on  the 
shoulder  of  the  nose  and  with  the  laminar  boundary  separating  instead  of  lying  at 
a  position  further  aft.  The  change  from  an  aft  shock  to  a  nose  shock  may  be  quite 
sudden  or  may  be  continuous.  The  pressure  data  from  Referenco  31  indicate  that 
for  this  profile,  a  peak  Mach  number  of  1. 3  was  achieved  at  the  shoulder  of  the 
nose  without  separation.  After  the  shoulder,  there  was  a  gradual  recompression 
caused  by  waves  reflected  from  the  sonic  line  (as  will  be  explained  below) ,  re¬ 
ducing  the  Mach  number  ahead  of  the  shock  substantially. 

As  has  been  pointed  out  above,  a  small  inducer  will  likely  have  laminar  boun¬ 
dary  layers  extending  a  considerable  distance  aft  of  the  leading  edge.  It  is  im¬ 
portant  that  this  region  not  be  subjected  to  shock  waves;  otherwise,  the  boundary 
layer  will  most  certainly  be  separated  from  near  the  leading  edge.  The  degree  to 
which  this  region  can  maintain  shock-free  flow  is  discussed  in  the  following 
paragraphs. 

Supersonic  Recompression  —  It  is  possible  to  recompress  isentropieally  the  flow 
over  the  airfoil  and  cause  a  substantial  decrease  in  local  Mach  number  to  the 
position  of  a  shock.  In  fact,  it  is  possible  to  operate  with  no  shock  at  all  standing 
on  the  airfoil,  except  at  the  trailing  edge  (page  867  of  Reference  9).  In  the  in¬ 
ducer  case,  the  best  that  can  be  expected  is  to  reduce  i>e  Mach  number  ahead  of 
the  shock,  for  it  is  quite  likely  that  the  peak  Mach  number  on  the  airfoil  will  be 
too  high  for  compression  all  the  way  back  to  subsonic  flow  without  shocking  ( page 
891  of  Reference  9).  A  further  explanation  is  shown  by  Pearcey  on  pages  1223 
to  1249  of  Reference  32.  The  basic  idea  is  to  utilize  compression  waves  that  are 
reflections  from  the  sonic  line  of  expansion  waves  generated  near  the  nose  of  the 
airfoil.  When  the  compression  waves  strike  the  airfoil  surface  they  tend  to  be 
reflected  with  like  sign  unless  the  surface  is  very  convex.  Modification  of  the 
leading-edge  shape  can  considerably  affect  the  incidence-versus-Moo  characteris¬ 
tic.  As  shown  in  Figure  379,  from  Reference  32,  a  modification  of  nose  shape 
on  an  otherwise  unchanged  airfoil  can  make  a  significant  difference  in  the 
boundary  between  unseparated  and  shock-separated  flow,  Pearcey  proposes  a 
parameter  k  which  seems  to  correlate  this  effect,  although  it  is  not  understood  in 
detail.  In  order  to  maintain  a  sizable  region  of  separation-free  operation  on  the  * 
incidence-versus-Moo  curve,  a  small  value  of  k  is  necessary.  Likewise, 
parameter  X  can  be  modified  to  affect  the  separation-free  region.  It  is  noted 
that  these  airfoil  results  are  for  Reynolds  numbers  typical,  of  wings. 

For  the  low-Reynolds-number  inducer,  it  is  necessary  that  the  suction  surface  be 
des  igned  (both  at  the  nose  and  further  back)  so  that  a  gradual  supersonic  compression 
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occurs  without  shocks  until  after  the  natural  transition  from  laminar  to  turbulent 
flow  in  the  boundary  layer. 

It  is  believed  that  flow  about  the  airfoil  of  an  inducer  can  be  analyzed  by  applica¬ 
tion  of  single-airfoil  theory,  so  long  as  these  methods  are  not  used  downstream 
of  the  throat  between  the  blades  further  than  about  1  throat  width.  It  is  also 
believed  that  the  method  of  Sinnott  and  Osborne  (Reference  33)  or  that  of  Randall 
(Reference  34)  can  be  applied.  Other  techniques  may  be  employed  as  discussed 
in  Chapter  12  of  Reference  9.  A  relaxation  solution  is  the  most  powerful,  but 
simpler  methods  like  the  streamline-curvature  solution  of  Perl  (Page  387  of 
Reference  9)  will  give  sufficiently  accurate  results.  Because  the  flow  has 
locally  supersonic  regions,  many  of  the  subsonic -similarity  laws  cannot  be 
employed  (i.e.,  the  Prandtl-Glauert  rule  and  Gothert's  rule  break  down  when  the 
local  Mach  number  reaches  unity).  On  the  other  hand,  the  Prandtl-Glauert 
method,  Kaplan's  method,  the  relaxation  techniques,  and  plural  streamline  cur¬ 
vature  methods  are  applicable  in  mixed  flow,  as  shown  in  Reference  9. 


Figure  379.  Boundaries  for  Onset  of  Separation. 

These  parameters  were  found  useful  in  estimating  whether  the  boundary  of  the 
separation  effects  will  fall  progressively  from  the  low-speed  level  to  the  position 
at  the  highest  Mach  number  (large  k  ),  or  whether  it  will  rise  before  falling  to 
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its  highest  Mach-number  position  (small  *  ).  These  2  trends  are  illustrated  in 
Figure  380. 


K 

K 
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Figure  380.  Boundaries  of  Separation  Effects. 

For  the  sake  of  discussion,  a  possible  design  point  is  also  shown.  It  is  evident 
th^it  a  large  k  inducer  design  would  yield  a  poor  impelle  ,  since  little  or  no 
diffusion  would  occur.  The  same  impeller  with  a  small  k  leading  edge  would 
most  likely  have  high  performance. 

The  physical  significance  of  the  k  parameter  is  that  low  values  are  associated 
with  suction-surface-slope  distributions  which  are  known  to  be  favorable  in  the 
intermediate  range  of  Mach  numbers  (0. 6  to  0. 9).  These  favorable  distributions 
have  a  rapid  change  in  curvature  near  the  leading  edge  from  a  high  value  to  a 
near  constant  low  value,  as  shown  in  Figure  381. 

If  the  rapid  change  in  curvature  and  the  accompanying  degree  of  turning  are  too 
extreme  (large  k  )  the  supersonic  expansion  will  be  too  severe,  and  there  will  be 
insufficient  distance  between  the  end  of  the  expansion  and  the  surface-crest 
positions  at  the  given  incidences  (about  4  degrees,  corresponding  to  9  =  4 
degrees)  to  allow  the  reflected  compression  to  return  to  the  surface  and  cancel 
the  effects  of  the  expansion.  This  case  is  shown  in  Figure  382. 
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Reference  32 


Figure  382.  Suction-Surface  Slope  Distribution. 

A  large  k  could  also  result  from  a  nose  shape  on  which  the  rapid  expansion 
absent,as  shown  in  Figure  383. 
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Figure  383.  Suction- Surface  Slope  Distribution. 

Analysis  of  Inducer  Using  Pearcey  Parameter,  k 


Not  having  fully  developed  the  previously  mentioned  theoretical  methods  into  a 
quantitative  and  specific  analytical  tool  for  inducer  blading,  it  was  desirable  to 
evaluate  the  impellers  by  using  Pearcey' s  k  parameter.  This  parameter  is 
defined  in  Figure  384. 


Reference  Plane  Parallel  to  Chord  Plane 


Figure  384.  Pearcey  Parameter,  k  . 
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For  analyzing  the  RF-1  workhorse  and  inducer  sections,  a  chord  length  of  1  inch 
was  assumed.  The  results  obtained  from  a  20-times-size  layout  are  given  in 
Table  XXVI. 


TABLE  XXVI 

INDUCER  K  CALCULATIONS 

Impeller 

Blade  Section 

K 

Approach 

Mach  Number 

Incidence* 

Workhorse 

RMS  radius 

0.044 

0.93 

+8° 

Workhorse 

Tip  radius 

0.095 

1.06 

+9° 

RF-1 

RMS  radius 

0.2  to  0.8** 

0.90 

+5° 

RF-1 

Tip  radius 

0.424 

1.03 

+5° 

*The  quoted  incidences  are  with  respect  to  the  blade  mean  camber  line  before 
leading-edge  modifications. 

**The  exact  tangency  point  of  the  6=4  degrees  line  was  difficult  to  locate  due  to 
the  rather  constant  slope  of  the  surface. 


It  was  determined  that  the  workhorse  impeller  has  a  low  k  and  most  likely  has  a 
separation-effects  boundary  that  will  rise  before  falling  to  its  highest  Mach 
number  value.  The  RF-1  impeller,  on  the  other  hard,  has  large  values  of  h 
and  probably  has  a  separations-effects  boundary  that  drops  progressively  from 
the  low-speed  value  to  the  highest  Mach  number  value.  Then,  even  though  the 
workhorse  operates  at  a  higher  incidence  and  a  higher  approach  Mach  number 
than  does  RF-1,  it  could  be  well  within  the  separation-effects  boundary  while 
RF-1  is  outside  the  boundary, as  shown  in  Figure  385. 

For  an  inducer  of  a  centrifugal  impeller,  3-dimensional  effects  are  introduced 
through  the  radial  variation  of  incidence,  approach  Mach  number,  and  the 
parameter  k  .  Even  for  the  case  of  constant  incidence,  we  have  the  effects  of 
Mach  number  and  k  .  Unfortunately,  in  the  regions  of  the  blade  span  where 
Mach  numbers  are  the  highest,  *  values  are  the  highest.  This  condition  is 
caused  by  the  spanwise  taper  built  into  the  blades.  It  is  possible  (like  the  work¬ 
horse)  that  the  tip  section  was  operating  outside  the  separation-effects  boundary, 
while  sections  just  inside  the  tip  were  in  the  region  of  no-separation  effects, as 
shown  in  Figure  386. 
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Figure  385.  Incidence  Versus  Mach  Number,  RF-1  and  Workhorse. 


Figure  386.  Incidence  Versus  Approach  Mach  Number. 
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An  inducer  characterized  by  the  preceding  sketch  would  have  a  performance  map 
as  shown  in  Figure  387. 


The  RF-1  impeller  has  a  large  k  at  the  RMS  radius  as  well  as  at  the  tip  radius. 

It  is  quite  possible,  therefore,  for  the  RF-1  impeller  to  be  operating  outside  the 
separation-effects  boundary  over  more  than  half  of  its  blade  height.  This  leads 
to  separation  of  a  greater  percentage  of  the  total  flow  and  higher  exit  mixing 
losses. 

As  mentioned  previously,  the  4  impellers  (MF-1,  MF-2,  MF-3,and  RF-1)  were 
designed  with  double-circular-arc  blading  in  the  inducer  sections.  The  workhorse 
did  not  have  this  type  of  blading.  As  reported  in  Reference  35,  the  double¬ 
circular-arc  blades  have  a  high  subsonic  drag-divergence  Mach  number  for  a 
moderate  incidence  (i  =  +4  degrees).  Considerations  of  Mach  number  and  inci¬ 
dence  represent  a  point  on  the  separation-effects  boundary,  and  the  value  of 
approach  Mach  number  for  an  incidence  of  +4  degrees  is  about  0.80.  Subsonic- 
type  airfoils,  which  are  more  like  the  workhorse-impeller  blading  in  the  leading- 
edge  region,  exhibited  drag-divergence  Mach  numbers  of  from  0.65  to  0.70  in 
the  same  incidence  range.  In  Reference  35,  the  incidence  coordinate  on  the 
separation-effects  boundary  for  the  double-circular-arc  blade  is  approximately 
+7  degrees  with  an  approach  Mach  number  of  0. 8. 

In  answering  the  questions  as  to  why  the  RF-1  blading  looks  so  poor,  by  using 
Pearcey's  parameter  k  ,  it  can  be  seen  by  referring  to  Figure  388  that  the  RF-1 
blading  is  only  a  true  double-circular-arc-type  blade  in  the  hub  half  of  the  span. 
The  blade  at  the  extreme  tip  is  more  like  a  cambered-flat-plate  section.  There¬ 
fore,  the  numerator  of  the  k  parameter  is  small,  but  the  denominator  of  the  k 
parameter  is  even  smaller.  It  follows  that  in  the  tip  region  of  the  RF-1  inducer 
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Inducer  Leading -Edge  Blade  Sections,  RF-1. 
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the  expansion  is  too  rapid,  and  there  is  insufficient  distance  between  the  end  of 
the  expansion  and  the  crest  on  the  suction  surface  for  the  reflected  compression 
to  return  to  the  surface. 

The  workhorse  inducer,  on  the  other  hand,  had  blading  which  was  approximately 
of  constant  thickness  at  any  given  radius,  and  it  was  considerably  thicker  in  the 
tip  region  than  was  the  RF-1.  For  example,  at  the  extreme  tip, the  RF-1  blade 
thickness  was  about  0.025  inch  while  that  of  the  workhorse  was  0.056  inch.  The 
leading-edge  radius  at  the  tip  of  RF-1  was  0.0125  inch,  while  the  leading-edge 
radius  of  the  workhorse  was  0.010  inch.  To  fabricate  the  0.010-inch  radius  on 
the  leading  edge  of  the  workhorse  inducer,  material  was  removed  from  the 
suction  surface  of  the  blading.  The  thin  leading-edge  section  was  blended  with 
the  downstream  blading  through  a  long,  gradual  radius  as  shown  in  Figure  389, 
placing  the  crest  of  the  airfoil  section  further  aft  and  resulting  in  a  smaller  k 
parameter.  Therefore,  sufficient  distance  is  available  with  the  workhorse  for 
the  reflected  compression  to  return  to  the  surface  and  cancel  some  of  the  over¬ 
velocity  prior  to  the  shock.  In  the  tip  region  of  the  workhorse ,  the  suction- 
surface  shock  most  likely  takes  place  at  a  lower  Mach  number  than  it  does  for 
the  RF-1 ,  and  it  also  takes  place  further  downstream  where  the  boundary  layer 
is  more  likely  to  be  turbulent.  The  2  cases  are  shown  in  Figure  390. 

The  RMS  blade  section  of  the  RF-1  inducer  also  has  a  high  value  of  parameter  k  . 
The  blade  is  thicker  for  this  section  than  it  is  at  the  tip,  but  the  blending  of  the 
thicker  part  of  the  blade  downstream  with  the  small-radius  leading  edge  was 
accomplished  with  a  long,  nearly  straight  taper.  The  resulting  shape  closely 
resembles  a  wedge  of  small  included  angle  with  a  leading-edge  radius.  This  type 
of  configuration  also  results  in  the  crest  being  far  forward. 

In  addition,  by  benching  (removing  material)  the  suction  surface  of  the  inducer 
blades  of  the  workhorse,  the  mean  camber  line  of  the  airfoil  was  directed  into 
the  flow  direction,  similar  to  the  effect  reported  by  Pearcey  (Pages  1234-1236 
of  Reference  32). 

Therefore,  from  the  preceding  analysis  it  was  possible  to  explain  why  the  work¬ 
horse  impeller  had  better  performance  than  the  RF-1 ,  even  though  the  former 
operated  in  a  more  severe  environment.  The  conclusion  was  derived  from 
seemingly  small  differences  in  the  nose  geometry.  More  diffusion  of  the  relative 
flow  is  accomplished  prior  to  separation  in  the  workhorse  than  in  RF-1,  resulting 
in  smaller  friction  losses  and,  more  important,  smaller  mixing  losses  at  the 
impeller  exit. 
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Figure  390.  Suction-Surface  Slope  Distribution,  RF-1  and  Workhorse. 

7.1.9  PROPOSED  DE  SIGN  TE  CHNIQUE 

Based  on  the  analyses  in  Sections  7.1.6  through  7.1.8,  the  following  general 
guidelines  are  presented  for  the  design  of  high-pressure -ratio  centrifugal  im¬ 
pellers. 

1)  Design  for  the  lowest  possible  inlet  relative  Mach  number  within  the 
geometric  limitations  imposed  by  engine-size  requirements.  For  example, 
the  minimum  inducer  hub -to -tip  ratio  may  be  determined  by  such  mechanical 
design  considerations  as  size  of  bearings  and/or  shaft,  while  the  rotational 
speed  may  be  set  by  overall  engine  dimensions  and/or  the  speed  require¬ 
ments  of  other  engine  components. 

2)  A  proper  balance  must  be  established  among  design  incidence,  inducer  load¬ 
ing,  and  impeller  work  requirement.  It  is  of  prime  importance  that  the 
inducer  not  be  forced  to  operate  at  a  high  incidence  when  the  inlet  relative 
Mach  number  is  in  the  high  subsonic  range  (0.7  -  0. 9);  a  low  incidence  (+1 
degree)  will  keep  the  compressibility  effects  and  the  strength  of  the  resultant 
shock  at  a  minimum.  The  loading  in  the  inducer  should  be  consistent  with 
good  axial -rotor  design  practice .  The  diffusion  factor  is  recommended  as  a 
reliable  parameter.  For  a  given  tip  diameter,  the  impeller  work  input 
requirement  is  a  function  of  the  rotational  speed  and  the  slip  factor.  Existing 
methods  for  predicting  the  slip  factor  show  the  dependence  of  this  parameter 
on  the  number  of  blades;  i.e. ,  to  obtain  a  high  slip  factor  for  a  given  size 
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impelkr  requires  that  a  large  number  of  blades  be  used.  For  high-pressure- 
ratio  impellers,  it  is  recommended  that  the  modified  form  of  Eckert's 
equation  (see  Section  7.1.6)  be  used  along  with  a  correction  of  +0.02  to 
+0.03. 


where: 


Predicted  Slip  Factor  =  (Slip  Factor)^^^  +  (0.02  to  0.03)  (41) 


This  increase  in  the  predicted  slip  factor  is  empirical  and  is  based  on  the 
fact  that  the  workhorse  impeller  showed  a  slip  factor  that  was  from  0.02  to 
0. 03  higher  than  the  originally  predicted  value. 

To  keep  the  incidence  at  a  minimum  in  this  high  subsonic  Mach  number 
regime  requires  that  the  blockage  be  kept  at  a  minimum.  Because  it  has 
been  shown  that  these  impellers  have  smaller  slip  than  predicted,  the 
designer  can  relax  the  number  of  inducer  blades  as  indicated  above.  How¬ 
ever,  to  maintain  an  acceptable  diffusion  rate,  less  turning  of  the  flow  in  the 
early  part  of  the  inducer  may  be  required. 

3)  The  airflow  rate  per  unit  geometric  area  at  the  impeller  exit  should  be 
maintained  at  a  maximum  to  minimize  the  wake  width  and  the  exit  mixing 
losses  consistent  with  diffuser  requirements.  For  an  impeller  of  given 
diameter,  it  is  required  that  minimum  impeller-exit-blade  height  not  jeopard¬ 
ize  the  aerodynamic  design  of  the  diffuser. 

4)  Following  good  aerodynamic -design  practice,  the  velocities  along  stream¬ 
lines  should  vary  in  a  smooth,  continuous  manner,  avoiding  large  gradients 
where  possible. 

5)  Considerations  must  be  given  to  the  effects  of  the  Coriolis  forces  on  the  per¬ 
formance  of  the  inducers.  The  component  of  the  Coriolis  force  in  the  blade - 
to-blade  direction  is  proportional  to  the  product  of  the  rotational  speed  and 
the  radial  component  of  the  through-flow  velocity.  The  direction  of  this 
force  is  from  the  pressure  surface  to  the  suction  surface.  If  present,  this 
force  can  deposit  low-energy  fluid  on  the  suction  surface  from  the  pressure 
surface,  and,  in  so  doing,  reduce  the  amount  of  flow  deceleration  which  takes 
place  prior  to  separation.  Due  to  difficulties  arising  from  the  influence  of 
this  force,  it  is  recommended  that  it  be  kept  at  a  minimum,  or  that  it  be  non¬ 
existent  in  the  inducer,  where  the  tangential  turning  and  flow  deceleration 
take  place.  This  can  be  accomplished  by  completing  the  tangential  turning 
prior  to  turning  to  the  radial  direction.  It  may  require  an  axial  inducer  of 
considerable  length. 
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6)  For  the  design  of  the  leading-edge  regions  of  the  inducer  blading,  the  method 
of  Schlichting  should  be  used  in  conjunction  with  Pearcey’s  /  parameter 

to  determine  the  configuration  which  produces  the  minimum  overvelocity 
while  showing  the  least  tendency  to  be  adversely  affected  by  shock-induced 
separation. 

7)  To  estimate  the  performance  of  a  given  impeller,  the  following  losses,  which 
have  been  described  earlier  in  Section  7.1.7,  should  be  taken  into  account: 

a)  Friction  loss  on  the  shroud,  hub,  and  blades; 

b)  Clearance  loss; 

c)  Exit  mixing  loss. 

The  loss  curves  are  presented  in  Figures  369  through  372.  Shock  loss  can 
be  included  if  the  Mach  numbers  are  high  enough  to  make  it  significant. 

8)  Having  defined  the  velocity  distribution  on  the  suction  surface  of  the  blade,  it 
becomes  necessary  to  establish  criteria  to  determine  the  point  of  separation. 
To  obtain  limits  for  the  deceleration  of  the  relative  flow  along  the  suction 
surface,  it  is  necessary  to  revert  to  boundary -layer  calculations.  The 
complexity  of  the  differential  equations  for  the  boundary  layer  (equation  of 
motion  and  the  continuity  equation)  prohibit  a  calculation  of  the  flow  field. 
Therefore,  the  solution  of  turbulent  boundary-layer  flows  is  accomplished 
through  the  use  of  approximate  methods. 

In  Reference  11,  the  approximate,  momentum-integral  method  was  employed 
in  the  boundary-layer  calculations  to  determine  the  following  separation 
criteria: 

a)  For  concave  upward  velocity  distributions  (Figure  391  (a)) ,  the  velocity 
at  which  the  separation  occurs  is: 


(42) 


b)  For  velocity  distributions  with  constant  gradient  (Figure  391(b)),  the 
velocity  at  separation  is: 


=  V-_  /1.6 

Max 
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c)  For  convex  upward  velocity  distributions  (Figure  391(c) ),  the  velocity 
at  separation  becomes: 


Vc  =  VM  / 1.4 
Sep  Max 


(44) 


(a) 


<b) 


(c) 


Figure  391. 


Relative  Velocity  Distributions. 


These  criteria  are  consistent  with  the  qualitative  findings  from  an 
equilibrium -boundary-layer  concept  of  Clauser  (Reference  36).  In  this  case, 
the  assumption  is  made  that  the  velocity  profile  remains  similar  at  succes¬ 
sive  downstream  stations.  This  condition  is  dependent  upon  a  balance  be¬ 
tween  wall  shear  and  pressure  gradient, as  shown  in  Figure  392. 


6  *  d V 

The  —  term  is  negative  for  decelerating  flows ,  and  when  this 

parameter  is  less  than  a  certain  value  (i.e. ,  greater  in  absolute  magnitude 
than  the  critical  value),  separation  may  be  expected. 

6  * 

This  theory  adds  that,  with  increasing  with  flow -path  length,  it  is 

desirable  to  have  an  increasing  dV/dx  term  (less  negative)  with  flow-path 
length,  so  that  the  product  of  the  2  terms  is  nearly  a  constant  behind  the 
peak.  The  increasing  dV/dx  suggests  a  concave  upward  velocity  distribution. 


Lieblein  (Page  203  of  Reference  37)  reports  empirical  results  which  show  that 

a  ratio  of  V.,  to  V,,  of  2. 0  can  be  attained  prior  to  the  onset  of 
Max  Sep 

separation. 


602 


CONFIDENTIAL 


CONFIDENTIAL 


V  ■  Velocity 

S*  =  Boundary-layer-displacement  thickness 
Y  T  =  Wall  shear  stress 


Figure  3  92 .  Equilibrium  —  Boundary-Layer  Notation . 


On  the  basis  of  the  above  discussion,  it  is  recommended  that  a  velocity  ratio 
(^Max^Sep)  1  *  6  to  1 . 8  be  used  in  conjunction  with  the  overvelocity 
calculation  according  to  Schlichting's  method  to  predict  the  velocity  at 
separation. 

7.2  DIFFUSER  TESTS 


Basic  tests  of  the  vane-island  diffuser  elements  were  conducted  with  static-pres¬ 
sure  surveys  in  1  channel,  total  pressure  at  the  impeller  tip  and  in  the  collector, 
and  schlieren  photographs.  The  test  data  for  all  diffuser  elements  are  presented 
in  Section  6.0.  Results  of  the  tests  showed  that  DI-2  had  the  best  performance  of 
the  3  elements  tested  and  DI-1  had  the  best  range.  The  16-vane-island  diffuser 
(DI-3)  had  shorter  range  and  lower  performance  than  DI-2.  The  results  of  these 
tests  led  to  analysis  of  the  fluid  flow  through  the  diffusers  in  an  attempt  to  explain 
the  causes  for  performance  and  airflow  range  differences.  In  particular,  the 
study  was  centered  around  DI-1  and  DI-2.  A  discussion  of  the  findings  of  this 
study  is  presented  below.  Also,  new  questions  arose  which  were  not  specifically 
considered  in  the  original  test  plan.  Therefore ,  a  second  test  series  was  con¬ 
ducted  to  supplement  the  first  tests  and  to  provide  essential  information  relative 
to  the  specific  questions.  This  test  program  included  full-scale  rig  tests  with  the 
workhorse  impeller  and  single -channel  tests  with  a  separate  diffuser-flow  rig. . 
Basic  diffuser  data  were  derived  from  these  single -channel  tests. 
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7.2.1  INFLUENCE  OF  IMPELLER  ON  DIFFUSER  PERFORMANCE 

Before  entering  into  detailed  diffuser  analysis,  it  was  first  necessary  to  establish 
the  characteristics  of  the  workhorse  impeller  used  in  the  diffuser  test  rig.  This 
impeller  has  been  discussed  in  detail  in  Section  7.1;  however,  certain  aspects 
are  presented  here.  A  speed  line  for  the  workhorse  impeller  with  DI-1  diffuser 
was  obtained  using  data  from  Tests  3306B  and  3347A.  Figure  393  shows  a  com¬ 
parison  of  the  results  at  design  speed.  The  overall  compressor  performance  was 
higher  for  the  second  test,  suggesting  a  difference  in  the  rig  between  the  2  tests. 
Because  2  impeller-shroud  covers  were  used  in  the  program ,  it  was  believed 
that  the  impeller  performance  was  different  for  each  shroud.  Inspection  of  the 
2  shroud  covers  showed  little  difference  in  their  geometry;  however,  the  one  used 
in  Test  3347A  was  flatter  and  did  not  have  provisions  for  schlieren  windows. 
Therefore ,  the  data  analysis  of  the  diffuser  section  was  based  on  the  impeller 
design  speed  line  from  Test  3347 A.  It  was  also  believed  that  the  diffuser  had  an 
effect  on  the  impeller  performance.  Static  pressure  at  the  impeller  tip  showed 
considerable  change  in  the  regions  nearest  to  each  diffuser  vane.  The  schlieren 
photographs  (Appendix  X)  also  showed  shocks  at  the  vane  leading  edge  and  along 
the  suction  surface  which  appeared  to  project  into  the  impeller.  The  exact  effect 
of  these  conditions  on  the  impeller  is  not  known,  but  the  fact  that  they  existed 
should  be  kept  in  mind.  In  some  cases  the  diffuser  models  were  retested  to 
establish  the  impeller  performance,  using  a  shroud  cover  without  schlieren 
windows  or  plugs.  Also,  on  occasion  it  was  found  (where  a  direct  comparison 
could  be  made)  that  the  schlieren  pictures  did  not  agree  exactly  with  static  pres¬ 
sures  measured  during  the  retests.  Considerable  care  was  taken  during  the 
tests  and  analyses  to  evaluate  and  eliminate  anomalous  data.  Therefore,  the 
reader  is  reminded  that  some  of  the  data  presented  in  Section  6.0  was  not  used 
in  the  following  discussions. 

7.2.2  CHARACTERISTICS  OF  COMPRESSOR  SPEED  LINES 

In  the  diffuser  test  program,  the  characteristics  of  the  impeller  and  the  diffuser 
had  to  be  considered.  The  impeller  characteristic  curve,  as  discussed  previ¬ 
ously,  shows  relatively  little  change  in  pressure  ratio  until  the  maximum  airflow 
is  reached,  at  which  point  the  pressure  ratio  drops  abruptly  (Figure  394). 

The  diffuser  has  a  characteristic  shape  which  drops  off  gradually  from  surge  to 
maximum  airflow.  The  point  in  the  following  sketch  where  the  pressure  ratio 
starts  to  drop  rapidly  is  defined  as  W*.  Combining  these  2  curves  gives  the 
overall  compressor-system  characteristic  .  The  resulting  shape  will  be  dependent 
on  the  matching  of  the  diffuser  to  the  impeller.  If  the  impeller  limits  the  maxi¬ 
mum  airflow  to  a  value  lower  than  W*  ,  the  compressor  characteristic  curve  will 
have  a  sharp  drop  at  maximum  airflow.  If,  on  the  other  hand,  the  diffuser  limits 
the  airflow,  the  characteristic  curve  will  drop  more  gradually. 
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Airflow,  WVFV*  (lb/sec) 


Figure  393.  Pressure-Ratio  Comparison,  DI-1. 
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Impeller  Characteristic  Diffuser  Characteristic 


Figure  394.  Characteristic  Shape  of  Pressure  Ratio  Versus  Airflow  for 
Impeller  and  Diffuser. 

The  sketch  below  (Figure  395)  shows  the  2  cases. 


w  - -  wavj-  /a  —  ► 

Figure  395.  Compressor  Characteristic  Showing  Impeller  and  Diffuser 
Airflow  Limit. 


In  this  compressor  program,  the  impeller  set  the  maximum  airflow  in  all  but  a 
few  tests  (3310A,  3310B). 

During  the  diffuser  investigation,  single-channel  diffusers  were  tested  separately 
to  determine  the  pressure  recovery,  Cp  ,  as  a  function  of  channel  entrance 
Mach  number  and  boundary-layer  thickness.  It  was  found  that  recovery  remained 
nearly  constant  until  the  Mach  number  ahead  of  the  shock  in  the  diverging  channel 
reached  1.1  to  1.2.  Figure  396  shows  channel  performance  at  throat  Mach 
numbers  below  1.0.  In  addition,  the  figure  shows  static -pressure  recovery  for 
channel  Mach  numbers  greater  than  Mach  1.0  (just  ahead  of  the  shock).  In  the 
diffuser  channel,  the  core  flow  reaches  Mach  1.0  at  the  throat  and  then 
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Two-Dimensional  Diffuser  Channel  Performance. 
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accelerates  supersonically  as  the  back  pressure  is  reduced.  The  slope  of  this 
static-pressure  recovery  line  is  reflected  in  the  characteristic  shape  shown  in 
Figure  394.  Therefore,  in  evaluating  the  performance  of  a  channel  diffuser,  it  is 
advantageous  to  present  the  performance  based  on  W/W*  or  the  corrected  air¬ 
flow  divided  by  the  airflow  where  Mach  1.0  first  occurs  in  the  core  flow  of  the 
diffuser  throat  (see  Figure  397).  Note  that  the  mass  flow  rate  is  not  maximum 
when  the  core  Mach  numbei  reaches  1.0  because  a  sizable  part  of  the  throat 
(up  to  45  percent)  area  is  boundary  layer  and  subsonic.  There  may  be  a  2-  to  3- 
percent  increase  in  W  beyond  W*  .  This  change  is  significant  for  a  compressor 
which  may  have  only  7 -percent  range. 


The  airflow  range  to  the  left  of  W/W*  =  1.0  can  be  predicted  with  some  accuracy 
as  discussed  in  Section  7.2.4,  Channel  Performance  and  Surge. 

The  region  to  the  right  of  the  W/W*  =  1.0  line  is  influenced  by  the  interaction  of 
channel  geometry,  back-pressure  variation,  and  throat  boundary-layer  adjust¬ 
ment;  therefore,  it  is  difficult  to  predict  now.  Analysis  of  the  mixed  Mach 
number  flow  in  throat  and  channel  with  empirical  confirmation  or  reliance  on 
straight  channel  tests  is  required  to  predict  W*  and  Cp  as  functions  of  back 
pressure. 

7.2.3  GENERAL  DISCUSSION  OF  FLOW  THROUGH  A  VANE-ISLAND  DIFFUSER 

To  understand  the  flow  through  a  diffuser  of  this  type ,  it  was  generally  advan¬ 
tageous  to  divide  the  flow  path  into  several  regions.  Figure  398  shows  these 
regions  for  a  vane-island  diffuser. 
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A-B  Vaneless  space  (region  of  wake  mixing); 

B-C  Semivaneless  space  (region  of  flow  transition  from  the  vane¬ 
less  space  to  the  entry  shock) ; 

C-D  Entrance  to  channel  throat  (region  of  rapid  flow  adjustment); 

D-E  Channel  throat  (region  of  transition  from  vortex  to  channel  flow); 
E~F  Channel  diffuser  (region  of  major  static-pressure  rise). 

Figure  398.  Vane  -  Island  Diffuser. 


Vaneless  Space 

The  vaneless  space  is  a  region  of  rapid  mixing  where  the  wakes  and  jets  from  the 
impeller  blades  (see  Section  7.1)  are  mixed  out.  One  of  the  objectives  of  the 
schlieren  investigation  was  to  determine  if  the  flow  at  the  diffuser  throat  entrance 
was  steady.  Schlieren  photographs  were  taken  at  5  blade  positions  and  at  constant 
rig  speed  (rpm)  and  airflow.  The  flow  was  shown  to  be  steady  at  the  vane  leading 
edge,  which  indicates  that  the  wakes  from  the  impeller  mixed  out  through  the 
vaneless  and  semivaneless  spaces.  Figures  118  through  122  in  Appendix  X  show 
that  the  shock  system  is  unchanged  for  each  impeller  position  and  that  any  un¬ 
steady  effects  are  minor  by  the  time  the  vane  region  is  reached.  This  was  shown 
despite  the  large  wake  regions  that  existed  at  the  impeller  tip  (over  50  percent); 
however,  other  researchers  have  also  concluded  that  mixing  is  nearly  complete 
at  a  radius  ratio  of  1.05  (see  Reference  15)  for  flat  impeller  discharge  angles. 

In  Reference  15,  Johnston  and  Dean  showed  the  relationship  of  the  radius  ratio 
(where  impeller  mixing  is  complete)  to  the  diffuser-inlet-swirl  parameter,  X  , 
for  various  work-input  coefficients  (where  X  is  defined  as  the  tangential  com¬ 
ponent  of  the  absolute  velocity  at  the  impeller  exit,  divided  by  the  radial  vector). 
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Referring  to  the  workhorse  impeller-exit  vector  diagrams  in  Section  6.1,  it  can 
be  seen  that  this  impeller  has  a  >.  value  between  7  and  8.  Figure  399  (from 
Reference  15)  shows  the  relationship  between  radius  ratio  and  A  values.  As  A 
varies  from  7  to  8  it  can  be  seen  that  the  radius  ratio  where  mixing  is  complete 
is  between  1.05  and  1.08. 

In  Section  2.0,  loss  analyses  through  the  vaneless  space  showed  that  10  percent 
of  the  total  pressure  at  the  impeller  could  be  lost.  Data  from  the  movable  total- 
pressure  probe  (measurements  along  a  streamline  from  the  impeller  tip  to  the 
throat)  show  that  a  loss  of  this  magnitude  exists  in  the  core  flow  (Figure  400). 
This  loss  can  be  attributed  to  several  causes.  First,  if  mixing  occurs  to  a  large 
radius  ratio  as  shown  in  Figure  399  (from  Reference  15),  much  of  the  measured 
loss  in  the  core  flow  can  be  attributed  to  this  parameter.  Second,  the  loss  may 
come  from  wall  friction  where  the  wall  9  p/d  x  mixes  into  the  mainstream  by 
secondary  flow.  Third,  the  measured  loss  is  a  combination  of  the  above  2  cases, 
where  the  vorticity  diffusion  is  aided  by  the  impeller  mixing  and  secondary  flow. 
Further  investigation  would  be  necessary  to  define  the  exact  nature  of  this  loss. 
Further  understanding  is  vital,  for  it  will  direct  improvement  attempts  toward 
the  impeller  or  diffuser. 

Semivaneless  Space 

This  is  a  transition  region  from  the  vaneless  space  to  the  zone  of  rapid  adjust¬ 
ment,  characterized  by  low  static  pressure  ahead  of  the  bow  shock.  The  flow  is 
bounded  by  the  suction  surface  of  the  vane.  Mathematical  solution  of  flow  in  this 
region  has  proved  difficult  for  supersonic  flow  because  a  field-type  solution  is 
required.  However,  some  useful  discussion  can  be  made  concerning  the  semi¬ 
vaneless  space. 

It  is  suggested  that  the  boundary  layer  is  essentially  1 -dimensional,  although 
some  secondary  flow  exists,  as  seen  from  oil  or  carbon-black  traces  (see  Figure 
401).  The  principal  effect  of  the  secondary  flow  is  to  bleed  the  boundary  layer  off 
the  suction  surface  of  the  vane  into  the  sidewalls.  These  flows  are  beneficial, 
since  they  keep  the  boundary  layer  thin  along  the  suction  surface  and  delay 
separation  under  adverse  pressure  gradients.  The  pressure  gradients  along  the 
streamlines  in  the  semi  vaneless  space  are  not  severe,  however,  as  shown  from 
the  static-pressure  measurements  (for  the  supersonic  case). 

Figure  402  is  a  static-pressure  survey  of  the  DI-1  diffuser.  It  shows  that  the 
pressure  gradient  is  slight,  which  also  suggests  that  the  flow  does  not  undergo 
a  large  Mach  number  change  in  this  region,  as  might  be  imagined  at  first.  It  is 
suggested  that  1-dimensional  turbulent  boundary-layer  theory  can  be  used  to 
predict  the  boundary-layer  growth  from  the  impeller  tip  to  the  channel  throat. 
This  has  been  done  and  will  be  discussed  in  Section  7 . 2 . 6  of  this  report.  It  is 
believed  that  flat-plate  (constant  pressure)  theory  is  valid  because  the  fluid 
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Figure  400,  Total  Pressure  Measured  Along  Streamline  With  Channel 
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Figure  401 .  Carbon  -  Black  Traces  (Shows  Bleeding  of  Suction  Surface). 
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Figure  402.  Static-Pressure  Field,  DI-1. 
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pressure  gradients  were  small.  A  refinement  could  be  made  by  calculating  ac¬ 
cording  to  the  actual  pressure  gradient  measured,  but  it  is  believed  that  this 
would  have  a  small  effect  on  the  final  displacement  thickness  calculated  at  the 
channel  throat. 

The  static-pressure  field  shown  in  Figure  402  also  gives  insight  to  the  nature  of 
the  streamlines  through  the  semivaneless  space.  An  expansion  region  occurs 
near  the  leading  edge  of  the  suction  surface  (Region  I  of  Figure  403).  In  Region  II , 
a  radial  static-pressure  gradient  occurs,  suggesting  a  vortex  flow;  but  the 
gradient  is  smaller  than  that  of  free  vortex,  indicating  that  the  vanes  exert  some 
force  on  the  flow  in  the  semi  vaneless  space.  The  flow  is  known  to  depart  from 
vortex  theories  used  in  conventional  subsonic -diffuser  designs.  The  measured 
gradient  further  shows  that  the  streamlines  must  curve  in  Region  n  to  satisfy  the 
Euler-n  equation: 


6  p  _  p  y2 
fin  R 


(45) 


where: 


V  =  fluid  absolute  velocity 
R  =  streamline  radius  of  curvature 
P  =  local  fluid  density 
gQ  =  Newton’s  gravitational  constant 


Region  I 


/Region  ID 


(Region  of  Rapid  Adjustment) 


Figure  403.  Streamlines  Through  Vaneless  and  Semivaneless  Space. 
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The  radial  pressure  gradient  and  the  curving  flow  indicate  that  no  separation  takes 
place.  This  can  be  seen  from  the  continuity  of  the  flow  process  through  Regions 
I  and  Q.  The  flow  leaves  the  impeller  tip  and  starts  to  diffuse  because  of  the 
increasing  area.  The  streamlines  in  the  vaneless  diffuser  are  dependent  on  area 
distribution  along  the  flow  path.  In  addition, die  semivaneless  space  is  bounded 
by  only  1  vane  wall  and  the  sidewalls,  so  little  control  can  be  exerted  on  the  flow 
by  comparison  to  a  fully  bounded  channel. 

Another  indication  that  separation  does  not  occur  is  that  the  streamlines  are  in  a 
direction  nearly  parallel  to  the  suction  surface.  For  a  separation  bubble  to  exist, 
a  force  would  have  to  be  exerted  on  the  streamlines  to  alter  their  directions  and 
divert  them  from  the  suction  surface.  It  is  not  possible  to  exert  this  force  in  the 
unbounded  region.  The  absence  of  separation  leads  to  the  conclusion  that  the  only 
loss  generated  in  the  semivaneless  space  results  from  wall  friction,  where 

A  p  friction  = 

Entrance  to  Channel  Throat  —  Region  of  Rapid  Flow  Adjustment 

As  discussed  above  and  as  rli'  wn  by  the  data,  the  Mach  number  reduction  is  less 
than  free -vortex  rate  from  the  impeller  tip  through  the  semivaneless  space.  In 
any  high  Mach  number  diffuser  design,  such  as  the  case  in  this  program,  it  is 
necessary  to  have  a  large  Mach  number  change  from  the  impeller  tip  to  the 
throat  where  the  Mach  number  must  be  1.0,  or  less,  if  the  channel  is  to  produce 
the  major  pressure  rise  desired.  Conventionally,  this  change  has  been  assumed 
to  occur  in  the  vaneless  and  semivaneless  spaces.  The  data  show  that  the  change 
does  not  occur  until  the  diffuser  throat  is  approached.  Figure  404  shows  the 
static-pressure  field  of  the  DI-2  diffuser.  A  small  change  in  static  pressure  is 
shown  along  the  streamline  until  near  the  throat  entrance.  As  discussed  in 
Section  2.0,  the  impeller-tip  Mach  number  is  near  1.3,  and  the  diffuser  throat 
design  Mach  number  ranges  from  0.75  to  0.90.  Therefore,  a  new  flow  model 
was  adopted  to  explain  the  relationship  between  the  small  Mach  number  change 
through  the  semivaneless  space  and  the  subsonic  throat  Mach  number.  An 
explanation  is  offered  by  the  above  static -pressure  data  and  schlieren  data  of 
Appendix  X.  A  rapid  adjustment  of  the  flow  takes  place  in  a  region  from  just  in 
front  of  the  throat  to  just  inside  the  throat  (from  Point  C  to  Point  D  in  Figure  398). 
There  is  a  shock  system  in  this  region  which  allows  the  flow  to  become  subsonic 
in  a  very  short  path  length.  The  schlieren  photograph  of  Figure  23  in  Appendix  X 
shows  a  bow  shock  at  the  leading  edge  of  the  vane  and  a  second  shock  just  inside 
the  throat.  In  this  region  of  rapid  adjustment,  the  flow  changes  from  vortex  to 
essentially  1 -dimensional  flow,  as  can  be  seen  from  the  static -pressure  fields, 
where  the  constant-pressure  contours  just  inside  the  throat  entry  are  nearly 
perpendicular  to  the  axis  of  the  passage.  In  Figure  403,  the  data  show  a  pressure 
gradient  in  the  radial  direction  in  Region  n  of  the  semivaneless  space  and  in  the 
region  of  rapid  adjustment.  A  complete  adjustment  to  1-dimensional  flow  has 
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taken  place  at  a  l/4-inch  distance  from  the  vane  leading  edge  inside  the  threat. 
This  rapid  adjustment  caused  the  heavy  loading  needed  to  change  the  angular 
momentum  of  the  flow  at  the  leading  edge  of  the  vane  on  the  pressure  surfaces. 
Thus  a  strong  shock  occurs  there  and  high  pressures  occur  locally  on  the  pres¬ 
sure  surface  (see  Figure  404).  As  the  flow  becomes  1 -dimensional,  the  pressure 
drops  rapidly  on  the  pressure  surface  just  behind  the  leading  edge. 

Channel  Throat 


The  channel  throat  (Point  D  to  E,  Figure  398)  is  designed  with  a  straight  section. 
As  discussed  in  Section  2.0,  the  conventional  purpose  of  the  straight  section  is 
to  give  the  flow  time  to  adjust  from  the  vortex  flow  in  the  semivaneless  space  to 
2 -dimensional  flow  in  the  diffusing  channel.  The  throat  length  was  selected  from 
past  Boeing  experience.  The  length  of  the  throat  in  relation  to  the  design  throat 
Mach  number  has  a  very  powerful  effect  on  the  overall  performance  of  the  dif¬ 
fuser,  as  will  be  shown  later  in  the  discussion. 

Channel  Diffuser 

The  channel  part  of  the  diffuser  (Point  E  to  F,  Figure  398)  is  the  region  where  a 
large  part  of  the  static-pressure  increase  occurs.  As  shown  above,  the  static 
pressure  increases  only  a  small  amount  from  the  impeller  tip  through  the  semi¬ 
vaneless  space.  Therefore,  most  of  the  static  pressure  gained  in  the  diffuser 
comes  in  the  region  of  rapid  adjustment  and  in  the  diffuser  channel.  Table 
xxvn  shows  the  static-pressure  change  for  each  section  of  the  DI-2  diffuser.  In 
the  region  of  rapid  adjustment  the  pressure  rise  is  due  to  a  shock  which  also 
thickens  the  boundary  layer.  This  thickening  of  the  boundary  layer  has  a 
detrimental  effect  on  the  channel  pressure  recovery, as  will  be  shown  later.  It 
must  be  emphasized  at  this  point  that  this  discussion  concerns  diffusers  with 
supersonic  impeller-discharge  Mach  numbers.  Extensions  of  these  conclusions 
to  lower  subsonic  cases  should  be  done  with  caution. 

It  is  obvious  that  the  actual  flow  processes  in  the  diffuser  are  quite  different  from 
the  conventional  flow  models.  The  conventional  model  of  the  diffuser  is  one  in 
which  the  flow  leaves  the  impeller  tip  at  a  supersonic  Mach  number,  follows  a 
modified  free -vortex  streamline  pattern  (where  the  flow  goes  from  a  supersonic 
to  subsonic  condition) ,  enters  the  throat  at  a  subsonic  Mach  number ,  and  diffuses 
subsonically  in  the  channel.  This  model  also  generally  included  an  incidence 
limit  at  the  vane  leading  edge  which  was  believed  to  have  an  effect  on  the  surge 
margin  of  the  compressor.  The  angle  of  flow  at  the  impeller  tip  and  the  vane 
suction -surface  angle  are  conventionally  used  to  determine  incidence.  In  contrast 
to  the  conventional  model,  the  proposed  model  from  this  investigation  shows  that 
the  flow  leaving  the  impeller  tip  at  a  supersonic  Mach  number  undergoes  little 
Mach  number  change  through  the  vaneless  and  semivaneless  space,  has  radial 
pressure  gradients  in  this  region  (less  pronounced  than  a  free  vortex),  accelerates 
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TABLE  XXVH 

STATIC -PRESSURE  RISE  THROUGH  DIFFUSER 

Diffiiser  Section 

Static-Pressure  Rise 

Vaneless  SJpace 

2.9  (psi) 

Semivaneless  Space 

1.4  (psi) 

Region  of  Rapid  Adjustment 

8.4  (psi) 

Throat 

5.7  (psi) 

Channel 

36.9  (psi) 

to  shock  at  the  throat  entrance ,  and  either  diffuses  subsonically  in  the  channel 
or  reexpands  to  a  supersonic  Mach  number.  The  reexpansion  to  over  Mach  1.0 
is  followed  by  a  shock  prior  to  the  subsonic  diffusion  in  the  channel.  The  super¬ 
sonic  expansion  depends  on  the  throat  conditions  and  the  channel  back  pressure. 

The  channel  performance  is  strongly  dependent  on  the  inlet  boundary-layer 
conditions  and  the  Mach  number  at  its  entrance.  The  flow  is  always  subsonic  at 
Point  D  (see  Figure  398),  but  it  may  accelerate  to  Mach  1.0  due  to  friction  in  the 
straight  section  of  the  throat  if  the  throat  is  long  enough .  For  any  throat  entrance 
Mach  number  (the  subsonic  Mach  number  after  the  entry  shock) ,  the  throat-exit 
Mach  number  can  be  determined  if  the  friction  factor  is  known,  using  Fanno  line 
calculations  where: 


4  f  L 


max 


lzj£.  +  l±±  Lo-iX+lIM? 

VM2  +  2T  Se-  /-  .  r-i 


27l7^ 


M^ 


(46) 


f  =  friction  factor 
D  =  hydraulic  diameter 
M  =  Mach  number 

Lmax  =  length  required  to  reach  Mach  1 . 0  at  exit 

y  =  ratio  of  specific  heat  at  constant  pressure  to  specific  heat  at 
constant  volume 
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If  the  throat  is  shorter  than  the  critical  length,  Lmax  »  the  flow  will  not  reach 
Mach  1.0  at  the  throat  exit  and  will  diffuse  subsonically  through  the  channel. 

The  schlieren  photograph  of  Figure  137  (Appendix  X)  shows  a  series  of  shocks  in 
the  channel  of  the  DI-1  diffuser.  These  channel  shocks  appear  to  be  1-dimensional 
and  need  not  take  the  form  of  a  single  shock,  but  rather  are  repeated  quasi¬ 
normal  shocks.  This  pattern  is  typical  of  the  shock  structure  which  occurs  in  a 
1 -dimensional  channel  (Reference  9).  The  multiple  shock  is  occasioned  by  shock- 
wave -boundary-layer  interaction.  As  demonstrated  by  Neumann  and  Lustwerk 
(Reference  38) ,  the  pressure  rise  across  a  repeated  shock  in  a  duct  is  almost 
equal  to  that  across  a  thin  normal  shock.  All  the  other  changes  of  fluid  properties 
are  similarly  related.  Therefore,  the  finite  length  of  the  normal  shock  can  be 
ignored  (except  when  straight  section  is  shorter  than  repeated  shock) .  The 
second  shock  system  in  the  channel  diffuser  must  be  avoided  for  best  perform¬ 
ance.  Subsonic  diffuser  performance  after  a  shock  in  the  channel  is  directly 
related  to  the  Mach  number  upstream  of  that  shock.  It  has  been  found  that  the 
static-pressure  recovery  in  a  2-dimensional  diffuser  deteriorates  rapidly  for 
channel  Mach  numbers  above  1.1  to  1.2  (see  Figure  396). 

7.2.4  CHANNEL  PERFORMANCE  AND  SURGE 

In  analyzing  the  diffuser  it  was  necessary  to  establish  a  flow  model  that  considers 
changes  in  flow  along  a  speed  line  (i.e. ,  from  maximum  airflow  to  surge). 

Figure  405  shows  a  compressor  speed  line  and  various  diffuser-flow  patterns. 

For  simplicity  of  the  illustration,  it  was  initially  assumed  that  the  impeller - 
discharge  total  pressure  does  not  vary  with  flow.  Later  in  this  discussion,  the 
flow  model  will  be  supplemented  to  include  considerations  of  variations  of 
impeller -discharge  total  pressure.  Figure  405a  shows  the  diffuser  at  an  oper¬ 
ating  condition  below  the  knee  of  the  speed  line  (the  knee  is  the  point  where  the 
pressure  ratio  drops  abruptly).  The  flow  leaves  the  impeller  tip  near  Mach  1.3, 
and  has  essentially  constant  Mach  number  through  the  vaneless  and  semivaneless 
spaces  up  to  the  region  of  rapid  adjustment.  Shocks  occur  in  this  region  and  a 
subsonic  Mach  number  results  at  the  throat  entrance.  The  level  of  this  Mach 
number  is  dependent  on  the  effective  area  of  the  throat,  and  the  shock  strength 
will  adjust  to  meet  the  continuity  requirement  at  the  throat  entrance.  Effective 
area  is  less  than  the  geometrical  area  by  the  amount  of  boundary-layer  blockage. 
The  flow  accelerates  in  the  throat  due  to  friction  and  reaches  Mach  1.0  at  the 
throat  exit.  In  this  case,  it  expands  supersonically  and  passes  through  a  series 
of  shocks  whose  location  in  the  channel  is  dependent  on  the  downstream  (collector) 
static  pressure.  After  the  channel  shocks,  the  flow  is  subsonic  and  may  not 
diffuse  if  separation  takes  place.  Therefore ,  a  large  part  of  the  total  pressure  is 
lost  in  a  dump  from  a  high  exit  Mach  number  into  the  collector,  and  the  resulting 
pressure  ratio  is  reduced  as  shown  on  the  compressor  map  (Figure  405a).  As 
the  back  pressure  increases  to  the  point  where  W*  is  reached,  the  positioning  of 
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the  shock  in  the  channel  is  controlled  by  the  collector  static  pressure.  Similar 
flow  conditions  have  been  reported  by  Stodola  (Figure  406)  for  supersonic  nozzles. 
The  single-channel-diffuser  data  obtained  on  a  separate  flow  rig  also  showed 
these  characteristics  for  flows  above  W*  with  diverging-channel  Mach  numbers 
above  1.1  to  1.2  (see  Figure  396). 

In  Figure  405b  the  collector  back  pressure  has  been  increased  and  the  channel 
shock  has  moved  upstream.  Therefore,  the  Mach  number  of  this  shock  is  re¬ 
duced,  and  the  static -pressure  recovery  of  the  channel  has  increased.  All 
conditions  upstream  of  the  throat  exit  remain  essentially  the  same  as  at  the  knee, 
except  for  a  small  decrease  in  effective  throat  area.  This  decrease  alters  the 
flow  but  does  not  affect  the  upstream  pressure  distribution.  A  typical  schlieren 
photograph  of  the  same  condition  is  shown  in  Figure  124  of  Appendix  X,  giving 
visual  evidence  of  the  channel-shock  location. 

In  Figure  405c  the  compressor  back  pressure  has  been  increased  to  a  point  where 
the  channel  shock  disappears.  The  channel  entry  is  now  at  just  the  critical 
condition  (Mcore  =  1.0,  W  =  W*);  the  channel-diffuser  static  recovery  has  im¬ 
proved  further  (Figure  405c),  but  all  conditions  upstream  still  remain  essentially 
the  same,  as  is  confirmed  by  static-pressure  data  of  DI-2  shown  in  Figure  407. 
The  static  pressure  at  the  throat  and  the  entry-shock  strength  are  essentially 
unchanged  by  the  increase  in  back  pressure.  This  condition  will  remain  until 
the  core  Mach  number  at  the  throat  exit  drops  below  1.0  (W  <  W*).  At  W*  on 
the  speed  line,  any  further  increase  in  back  pressure  will  cause  a  large  reduction 
in  airflow  and  the  diffuser  throat  exit  will  be  subsonic.  Figure  405d  shows  such 
a  case  —  the  flow  has  been  reduced  and  the  throat  exit  is  subsonic.  Without  the 
sonic  condition  at  the  throat  exit,  the  flow  upstream  becomes  affected  by  changes 
in  back  pressure.  Figure  404  shows  the  static-pressure  field  for  this  case  in  the 
DI-2  diffuser. 

In  Figures  405a,  b,  and  c,  the  radial-pressure  gradient  just  ahead  of  the  throat 
entrance  was  positive  (pressure  increasing  with  radius).  This  gradient  remained 
essentially  unchanged  with  reductions  in  back  pressure,  because  the  shock 
strength  in  front  of  the  throat  remained  constant.  Between  Figures  405c  and  d, 
the  radial -pressure  gradient  decreased  and  the  shock  strength  increased.  This 
change  resulted  from  the  decrease  in  airflow  below  W*  .  Therefore,  the  sub¬ 
sonic  throat-entrance  Mach  number  had  to  decrease  from  considerations  of 
continuity.  To  reach  this  subsonic  condition,  the  entry-shock  strength  had  to 
increase,  causing  a  local  acceleration  ahead  of  the  shock.  It  was  assumed  that 
the  total-pressure  drop  across  the  shock  was  small  (isentropic).  The  acceleration 
required  that  the  streamtubes  expand  so  that  the  streamlines  locally  shift  away 
from  the  suction  surface  and  straighten  (Figure  405d).  The  shift  appears  as  a 
reduction  in  the  radial-pressure  gradient,  where  the  static  pressure  ahead  of  the 
shock  approached  the  static  pressure  at  the  impeller  tip.  The  streamlines 
diverged  in  this  region  to  satisfy  continuity.  As  the  flow  accelerated  locally,  its 
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Figure  407.  Static-Pressure  Field,  DI-2. 
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direction  was  dictated  by  the  path  of  area  increase  required  to  maintain  supersonic 
flow.  A  second  effect  can  also  be  seen  by  comparing  the  static-pressure  fields 
of  Figures  404  and  4C7.  The  straightening  of  the  streamlines  resulted  in  an 
incidence  change  on  the  vane  leading  edge  from  negative  toward  positive  (see 
Figure  408),  which  caused  a  stronger  expansion  around  the  vane  leading  edge  onto 
the  suction  surface.  Note  the  reduced  static-pressure  region  on  the  suction  sur¬ 
face  near  the  vane  leading  edge..  At  lower  airflows  than  those  shown  in  Figure 
4G5d,  the  throat  Mach  number  was  further  reduced,  amplifying  the  streamline 
divergence.  Figure  405c  shows  a  sketch  of  the  streamlines  at  a  condition  when 
the  compressor  was  operating  near  surge.  The  throat  Mach  number  was  reduced 
from  the  case  of  Figure  405d,  and  the  Mach  number  ahead  of  the  entry  shock  was 
so  high  as  to  cause  a  reversal  in  the  static-pressure  gradient  upstream  of  the 
threat  entry.  The  streamlines  turned  toward  the  impeller  rim,  then  around  the 
leading  edge  onto  the  vane  suction  surface,  causing  a  change  in  the  direction  of 
streamline  curvature  and  a  reversal  in  static  pressure.  Figure  409  shows  the 
static -pres sure  field  of  DI-2  just  prior  to  surge.  The  expansion  region  at  the 
leading-edge  suction  surface  increased  in  strength,  leading  to  the  conclusion  that 
the  airflow  angle  was  in  the  direction  of  positive  incidence  with  respect  to  the 
airfoil  (see  Figure  408).  Note  that  local  incidence  at  the  vane  leading  edge  is 
more  a  function  of  events  in  the  zone  of  rapid  adjustment  than  it  is  of  impeller- 
discharge  angle.  This  conclusion  for  the  supersonic  case  must  be  extrapolated 
with  great  care  to  lower  Mach  number  cases. 


The  basic  mechanism  that  causes  surge  is  not  clearly  apparent.  However,  2 
possible  explanations  were  derived.  The  first  was  based  on  the  streamline  shift 
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and  the  second  was  based  on  the  shock-boundary-layer  interactions.  The  static 
pressure  ahead  of  the  shock  can  drop  below  the  static  pressure  at  the  impeller  tip, 
as  shown  in  Figure  409.  The  accompanying  change  in  streamline  curvature  seen 
in  Figure  405e  was  observed  earlier  on  the  water  table  while  testing  other  vane- 
island-type  diffusers,  but  could  not  be  explained  at  that  time.  The  flow  incidence 
on  the  vane  resulted  in  a  Prantl -Meyer  expansion  around  the  vane  leading  edge  to 
the  suction  surface.  The  circumferential  static-pressure  profiles  in  Figuies  407 
and  409  show  the  change  in  the  expansion  region  for  DI-2  from  the  knee  of  the 
speed  line  towards  surge.  It  was  believed  that  the  incidence  unfavorable  to  the 
suction  surface  caused  the  flow  to  separate,  resulting  in  surge  of  the  compressor. 
Figure  405 e  suggests  that  the  flow  was  spilling  around  the  entrance  of  the  channel, 
analogous  to  the  spilling  phenomenon  of  supersonic  aircraft  inlets.  In  applying 
this  analogy,  it  must  be  recognized  that  the  shilling  carries  over  to  each  adjacent 
channel  in  swallowing  the  total  flow.  ' 

The  alternate  explanation  offered  for  surge  is  that  the  increasing  entry-shock 
strength  causes  breakdown  of  the  channel  flow.  It  can  be  argued  that  with  the 
increase  of  shock  strength,  the  boundary  layer  is  thickened  in  the  throat  and 
eventually  will  enter  the  channel  detached.  Therefore  the  blockage  at  the  channel 
diffuser  entrance  is  increased.  Correlation  of  throat  blockage  with  channel  static- 
pressure  recovery  has  shown  a  strong  dependence  of  the  recovery  on  blockage. 
Figure  410  shows  this  correlation  for  single-channel  diffuser  tests.  Neumann  and 
Lustwerk  (Reference  38)  also  show  that  subsonic-diffuser  efficiency  downstream 
of  a  shock  is  a  function  of  the  Mach  number  preceding  the  shock,  and  that  in  a 
straight  channel,  where  the  flow  shocks  down  from  some  entrance  Mach  number 
through  a  series  of  quasi- normal  shocks,  the  boundary-layer  growth  will  be 
essentially  the  same  as  that  through  a  single,  strong  normal  shock.  Therefore, 
these  conditions  suggest  that  when  the  flow  is  reduced  toward  surge  and  the  entry 
shock  in  the  region  of  rapid  adjustment  is  strengthened,  the  throat  boundary 
layer  will  be  increased  and  will  eventually  enter  the  channel  detached,  at  which 
point  surge  will  occur. 

7.2.5  THROAT  MACH  NUMBER 


The  PI-1  and  DI-2  diffusers  were  designed  to  evaluate  the  effects  of  throat  Mach 
number  on  diffuser  performance.  It  was  recognized  that  the  throat  area  had  a 
large  effect  on  the  behavior  of  a  diffuser,  but  the  exact  flow  mechanism  was  not 
understood.  It  was  believed  that  a  critical  Mach  number  existed  for  channel 
diffusers  and  that  when  the  throat-entrance  Mach  number  reached  0.8  to  0.9,  the 
diffuser  channel  performance  would  fall  off  rapidly.  Shadowgraph  tests  in 
previous  investigations  had  shown  that  shocks  were  present  at  the  diffuser-vane 
leading  edge  for  impeller-tip  Mach  numbers  near  1,2.  For  the  workhorse  impel¬ 
ler,  even  higher  Mach  numbers,  near  1.3,  could  be  expected  at  the  design  speed. 
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For  evaluating  the  effects  at  the  throat,  consider  an  impeller  and  a  diffuser  with 
a  certain  airflow.  Tho  amount  of  flow  the  compressor  will  pass  is  governed  by 
t.e  diffuser-throat  conditions  (i.e.,  total  pressure,  total  temperature,  and  the 
effective  area)  and  the  collector  back  pressure.  The  diffusers  in  this  program 
have  a  constant-area  straight  section  at  the  throat  from  Station  D  to  E  (see 
Figure  398).  At  the  entrance  of  the  throat  (Station  D),  the  Mach  number  is  always 
subsonic.  There  is  an  entry  shock  upstream  of  Station  D  through  which  adjust¬ 
ment  of  the  flow  from  the  supersonic  impeller-tip  Mach  number  to  the  subsonic 
diffuser-throat-entrance  Mach  number  occurs.  The  strength  of  this  shock  at  any 
point  along  the  speed  line  is  dictated  by  the  throat  entrance  Mach  number,  which 
is  determined  by  continuity.  It  is  important  to  note  that  at  airflows  lower  than 
W*,  the  entry  shock  Mx  increases  with  decreasing  airflow  because  the  throat- 
entrance  subsonic  Mach  number  at  Station  D  is  decreasing.  If  the  throat  area  is 
designed  for  an  entrance  Mach  number  of  0.  90  or  0.75  (DI-1  and  DI-2,  respec¬ 
tively),  the  strength  of  the  shock  system  upstream  of  the  throat  will  adjust 
accordingly.  The  lower  this  Mach  number,  the  stronger  the  shock,  and  the  closer 
the  design  point  is  to  surge  point.  Figure  411  shows  the  basic  difference  in  DI-1 
and  DI-2. 


Figure  411.  Difference  in  Vane  Geometry  Between  DI-1  and  DI-2. 

Figures  409  and  402  show  examples  of  the  static-pressure  fields  of  the  2  diffusers. 
The  data  show  that  the  static-pressure  rise  of  both  diffusers  is  about  the  same  up 
to  the  match  point  (compared  at  the  same  impeller  speed  and  airflow).  Beyond 
this  point,  the  flow  accelerates  more  in  DI-2  than  in  DI-1,  causing  a  lower  3tatic 
pressure  at  Station  C  and  a  stronger  shock.  The  performance  maps  of  DI-1  and 
DI-2  are  presented  in  Section  6.0.  DI-2  had  a  throat  Mach  number  of  0. 80  at 
50, 000  rpm  (Line  7).  This  Mach  number  was  slightly  higher  than  the  design 
throat  Mach  number  of  0. 75.  The  difference  can  be  attributed  primarily  to  a 
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lower  than  expected  total  pressure  at  the  throat.  The  flow  accelerated  in  the 
throat  because  of  the  friction  in  the  straight  section.  However,  the  straight  sec¬ 
tion  was  not  long  enough  to  accelerate  the  flow  to  Mach  1.0.  Therefore,  in  DI-2, 
the  flow  left  the  impeller  tip  near  Mach  1.3,  shocked  down  at  the  vane  leading 
edge  to  Mach  0.8  at  the  throat,  accelerated  again  in  the  straight  section  but  did 
not  reach  Mach  1.0,  and  diffused  subsonically  through  the  channel.  Static-pres¬ 
sure  data  of  DI-2  at  50, 000  rpm  showed  no  indicatioi  of  a  shock  system  in  the 
channel  when  operating  between  the  knee  of  the  speed  line  and  surge. 

Dl-1,  on  the  other  hand,  had  a  throat  Mach  number  of  0. 95  at  50, 000  rpm. 
Because  of  this  high  subsonic  Mach  number,  the  flow  accelerated  to  Mach  1.0 
in  the  straight  section  of  the  throat,  accelerated  in  the  channel  with  downstream 
shocks,  and  then  diffused  at  a  subsonic  Mach  number.  The  performance  of  DI-1 
was  below  DI-2  because  of  less  efficient  channel  diffusion  caused  by  the  high  Mach 
number  ahead  of  the  shock  at  the  start  of  the  diffusion.  Later  single-channel  test 
data  confirmed  this  conclusion. 

However,  the  lower  throat  Mach  number  of  DI-2  with  the  stronger  bow  shock  and 
the  absence  of  the  downstream  channel  shock  (from  maximum  airflow  to  surge) 
appeared  to  have  reduced  the  airflow  range  of  DI-2  as  compared  to  DI-1.  Air¬ 
flow  range  is  defined  as: 


~  .  . .  „  ~  /  Maximum  Airflow  „  \  _ 

Percent  Airflow  Range  =  (  gurge'  Airflow -  J  100 

The  airflow  range  of  DI-2  was  6-1/2  percent  compared  to  12-1/2  percent  for  DI-1. 
The  result  was  not  unusual  in  view  of  previously  observed  characteristics  of  a 
vaned  diffuser;  i.e. ,  high  performance  is  associated  with  short  range,  and  vice 
versa.  The  airflow  range  difference  of  the  two  diffusers  can  now  be  explained 
with  some  degree  of  confidence.  Referring  to  Figure  412,  speed  lines  of  the  2 
diffuse*  ■:  are  plotted  against  W/W*,  the  ratio  of  the  local  airflow  to  the  airflow 
when  the  core  flow  just  reaches  Mach  1.0.  Both  diffusers  surged  at  essentially 
the  same  Mach  number  upstream  of  the  entry  shock  (Mx  =  1.15  to  1.20).  There¬ 
fore,  the  range  from  W/W*  =  1.0  to  surge  on  Figure  412  was  greater  for  DI-1 
than  DI-2  because  the  entry  shock  at  W*  was  weaker  for  DI-1.  With  the  weaker 
entry  shock,  a  greater  airflow  reduction  was  realized  before  DI-1  reached  the 
surge  Mach  number. 

It  is  not  surprising  that  both  diffusers  surge  at  the  same  shock-entry  Mach 
number  when  considering  that  the  throat  length  of  both  diffusers  is  the  same. 
Neumann  and  Lustwerk,  Reference  38,  showed’ that  the  length  of  the  shock  system 
necessary  to  reach  maximum  pressure  rise  is  a  function  of  the  upstream  Mach 
number.  Figure  413  shows  the  data  from  Neumann  and  Lustwerk  with  a  suggested 
extrapolation  of  their  data,  which  indicates  that  the  shock  length  for  maximum 
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W*  >  W* 

DI-2  DI-1 


Figure  412.  W/W*  on  Characteristic  Speed  Line. 


an 
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Mach  Number  Preceding  Shock, 

Figure  413.  Length  of  Shock  Versus  Mach  Number  Preceding  Shock 
(1. 000-In. -Diameter  Tube). 
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pressure  rise  becomes  zero  at  about  1. 1  entry  Mach  number.  This  deduction 
agrees  with  the  single-channel  diffuser  data  obtained  in  this  program  (see  Figure 
396).  Further,  if  the  throat  lengths  are  the  same,  the  entry-shock  Mach  number 
at  surge  should  be  the  same  if  it  is  shock  separation  of  the  boundary  layer  in  the 
throat  that  causes  surge.  It  can  also  be  seen  from  the  comparison  of  the  2 
diffusers  in  Figure  412  that  W*  for  DI-2  is  not  actually  reached.  The  reason  is 
that  the  impeller  limits  the  maximum  airflow,  rather  than  the  diffuser  throat. 

This  conclusion  is  reached  from  the  impeller  test  data,  where  maximum  airflow 
of  the  compressor  did  not  increase  when  the  diffuser  throat  was  opened  25  percent 
during  the  variable  airflow  tests.  The  impeller  flow  limit  also  contributes  to  the 
overall  shorter  range  of  DI-2. 

Therefore,  the  flow  process  of  DI-2  can  be  explained  for  the  flow  range  from 
surge  to  maximum  airflow.  As  maximum  flow  is  approached,  the  subsonic 
throat-entrance  Mach  number  increases  and  causes  the  Mach  number  ahead  of  the 
entry  shock  to  decrease.  After  entering  the  throat,  the  flow  accelerates  because 
of  friction  (Fanno  process),  but  the  throat  is  not  long  enough  to  cause  the  core 
flow  to  reach  sonic  conditions.  Therefore  the  flow  diffuses  subsonically  in  the 
channel. 

7.2.6  THROAT  BOUNDARY  LAYER 


In  the  case  of  DI-1  the  flow  reaches  W*  as  maximum  airflow  is  approached.  The 
core-flow  Mach  number  at  the  throat  exit  of  DI-1  remains  sonic;  however,  the 
airflow  can  still  increase  beyond  W*  until  the  impeller  reaches  maximum  airflow. 
This  difference  from  DI-2  can  be  explained  by  examining  the  boundary-layer 
conditions  at  W*.  The  boundary-layer  displacement  thickness  at  the  throat  is 
estimated  to  be  0.0069  inch,  using  the  l/7th-power-law  profile  suggested  by 
Schlichting  for  turbulent  flow  over  a  smooth,  flat  plate.  A  constant  pressure 
along  the  surface  is  assumed,  but  the  actual  Mach  number  conditions  at  various 
stations  along  the  flow  path  are  used.  Displacement  thickness  at  throat  entry  is 
given  by: 


6* 


0.139 

go  a  \  / 0.01738(L) 

P  V  }  \ 


0.861 

) 


(47) 


6*  =  displacement  thickness 

H  =  viscosity 

p  =  density 

V  =  fluid  velocity 
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L  =  length  along  the  pressure  or  suction  surface 
gQ  =  Newton's  gravitational  constant 

The  entry  shock  at  M  =  1. 05  has  a  small  effect  on  the  boundary  layer  and  was 
neglected.  The  actual  boundary-layer  thickness  or  the  distance  from  the  walls 
where  core  flow  reaches  sonic  conditions  is  approximately  7  times  the  displace¬ 
ment  thickness.  By  calculation,  about  47  percent  of  the  flow  area  is  actually 
subsonic  at  W*.  As  the  back  pressure  is  reduced  from  the  W*  condition,  it  can 
be  seen  that  the  supercritical  condition  of  the  core  flow  downstream  from  the 
throat  can  affect  the  flow  upstream  through  the  throat  and  into  the  space  ahead 
of  the  vanes  because  of  the  subsonic  flow  at  the  surfaces  of  the  throat.  At  air¬ 
flows  above  W*,  the  magnitude  of  the  subsonic  area  decreases. 

The  difference  in  characteristics  between  Dl-i  and  DI-2  can  also  be  explained  in 
terms  of  blockage  change  due  to  change  in  geometrical  throat  area.  It  has  been 
mentioned  that  the  channel  static-pressure  recovery  is  strongly  dependent  on  the 
throat-inlet-boundary-layer  blockage  and  that  the  blockage  in  turn  is  dependent 
on  the  entry-shock  Mach  number.  A  comparison  of  the  2  diffusers  at  the  same 
Mach  number  upstream  of  the  entry  shock  shows  that  the  overall  pressure 
recovery  difference  is  about  5  psi  out  of  36  psi.  Because  upstream  Mach  numbers 
and  flow  conditions  are  essentially  the  same,  it  is  believed  that  the  boundary- 
layer  thickness  will  be  the  same.  Therefore,  due  to  the  difference  in  physical 
throat  area,  the  blockage  of  DI-1  will  be  greater  than  DI-2  by  4.5  percent.  Refer¬ 
ring  to  the  blockage-static-pressure-recovery  curve  (Figure  410),  the  change  in 
recovery  due  to  the  difference  in  blockage  can  be  determined.  This  comparison 
shows  an  absolute  channel-pressure-recovery  difference  of  5.0  psi,  suggesting 
that  the  difference  in  performance  of  *DI-1  and  DI-2  can  indeed  be  accounted  for  by 
throat  blockage. 

Effect  of  Increased  Number  of  Vanes 


A  16-channel  diffuser  (DI-3)  was  designed  to  evaluate  the  effects  of  an  increased 
number  of  vanes  on  diffuser  performance.  This  diffuser  was  of  interest  because 
more  vanes  shorten  the  flow-path  length  from  the  impeller  tip  to  the  throat 
entrance.  Therefore,  the  boundary-layer  thickness  at  the  diffuser  throat  would 
be  lessened,  with  a  possible  improvement  in  diffuser  performance.  It  was  also 
believed  that  the  16  vanes  would  exert  more  control  on  the  flow  and  would  result 
in  delayed  separation  on  the  suction  surface  in  the  semivaneless  space. 

The  16-channel  diffuser  wac  tested  and  the  results  are  shown  in  Figure  334. 
Schlieren  photographs  of  these  tests  are  presented  in  Appendix  X,  Figures  138 
through  142.  The  test  results  showed  that  the  16-channel  diffuser  had  shorter 
range  and  lower  performance  than  the  best  8-channel  diffuser.  No  reason  for 
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lower  performance  of  the  16-channel  diffuser  was  found;  however,  the  shock  waves 
from  the  increased  number  of  vanes  may  have  adversely  affected  the  impeller 
performance, causing  a  decrease  in  overall  compressor  performance. 

7.2.7  CRITICAL  THROAT  MACH  NUMBER 


In  Section  7.  2.  5 .Throat  Mach  Number,  it  was  established  that  the  DI-1  diffuser 
(with  the  0. 90  design  throat  Mach  number)  had  the  better  airflow  range  and  that 
the  DI-2  (with  the  0.75  design  throat  Mach  number)  had  the  better  pressure 
recovery.  It  was  also  found  fhat  the  overall  pressure  recovery  of  DI-1,  while 
lower  than  DI-2,  did  not  show  a  large  difference  in  performance.  Further,  the 
diffuser  tests  had  demonstrated  good  performance  at  a  high  throat  Mach  number, 
consistent  with  the  contractor’s  past  experience.  However,  available  information 
in  the  literature  clearly  showed  that  a  critical  throat  Mach  number,  significantly 
less  than  1.0,  existed  for  channel  diffusers.  The  critical  Mach  number  was 
defined  as  the  value  (usually  near  0.8)  above  which  diffuser  performance  deteri¬ 
orated  rapidly.  Henry,  Wood,  and  Wilbur  (Reference  16)  present  rectangular 
diffuser  data  which  illustrate  this  rapid  drop  in  performance  near  an  inlet  Mach 
number  of  0. 8  for  a  range  of  cone  angles  from  8  to  31  degrees  and  an  area  ratio 
of  4.0. 

Straight  Diffuser  Studies 


Analysis  of  the  contractor’s  d{ffuser  data  indicated  good  channel-diffuser  perfor¬ 
mance  for  entry  Mach  numbers  near  1.0  (such  as  DI-1  performance).  Because  of 
this  anomaly,  the  question  of  diffuser  critical  Mach  number  was  pursued  further. 
It  was  believed  that  a  resolution  of  this  question  would  lead  to  a  better  under¬ 
standing  of  the  whole  flow  process.  Therefore,  a  thorough  literature  survey  was 
conducted  to  evaluate  current  published  information  on  the  subject. 

The  results  of  this  survey  showed: 

1)  Inlet  Mach  number  is  not  an  important  performance  parameter  when  the 
Mach  number  is  below  0.30.  Performance  can  be  predicted  by  using 
incompressible  data  and  analysis; 

2)  At  inlet  Mach  numbers  above  0. 30,  performance  variation  as  a  function  of 
inlet  Mach  number  can  be  categorized  into  3  different  groups.  The  typical 
variation  of  the  pressure  recovery  coefficient,  Cp,  for  each  group  is  shown 
in  Figure  414. 

When  the  geometry  of  the  diffusers  studied  at  high  subsonic  inlet  Mach  number  is 
plotted  on  an  incompressible-flow- regime  map,  Figure  415,  it  is  found  that  the 
performance  variation  classifications,  Groups  A,  B  and  C,  correlate  directly 
with  the  geometric  classification  of  the  flow  map.  The  flow-regime  map  shown 
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Figure  414.  Characteristic  Versus  M  for  Fixed- Geometry  Diffusers. 

in  Figure  415  resulted  from  subsonic  investigations  (for  example  Fox  and  Kline, 
Reference  40) ,  where  it  was  shown  that  the  included  angle  of  divergence  between 
wails  and  the  length-to -initial -width  ratio  were  the  important  parameters.  The 
major  influence  on  performance  of  the  diffuser  was  identified  as  the  presence  and 
location  of  boundary- layer  separation.  In  Figure  415,  no  boundary-layer  separa¬ 
tion  was  found  below  the  Line  a-a.  Between  Line  a-a  and  the  Line  of  Appreciable 
Stall  -  2 -Dimensional,  the  wall  boundary  layer  separated  at  the  end  of  the  chan¬ 
nel.  The  flow  was  highly  unsteady  from  the  Line  of  Appreciable  Stall  -  2- 
Dimensional  to  Line  b-b.  Above  Line  b-b,  the  flow  was  essentially  a  jet  and 
fully  separated  with  no  diffusion.  The  Line  of  Appreciable  Stall  -  2 -Dimensional 
was  added  to  Kline's  earlier  map,  Reference  42.  The  Line  of  Appreciable  Stall  - 
Conical  was  obtained  from  Reference  41. 

All  diffusers  exhibiting  the  Group  A  performance  characteristic  lie  to  the  right  of 
the  appropriate  Line  of  Appreciable  Stall.  Those  with  the  characteristics  of  Group 
B  lie  between  the  Line  of  Appreciable  Stall  and  Line  b-b,  and  the  diffusers  with 
the  characteristics  of  Group  C  lie  to  the  left  of  Line  b-b. 

The  classifications  and  correlations  found  were  valid  for  normal  inlet-boundary- 
layer-velocity  profiles ;  preliminary  evidence  indicated  that  these  results  would 
have  to  be  modified  for  separating  types  of  profiles . 
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It  was  concluded  from  this  literature  search  that: 

1)  A  critical  Mach  did  exist  according  to  all  available  information.  It  was 
indicated  that  high  static-pressure  recovery  cannot  be  obtained  in  channel 
diffusers  with  inlet  Mach  numbers  above  0.8; 

2)  Performance  variation  of  each  classification  correlates  directly  with 
diffuser  geometry; 

3)  The  critical  Mach  number  of  Group  A  diffuser  shown  in  Figure  414  above 
correlates  directly  with  entrance  boundary-layer  blockage. 

Arguments  for  the  existence  of  a  critical  Mach  number  for  Group  A  diffusers  were 
available,  but  no  analytical  procedure  existed  for  predicting  the  appropriate 
critical  value.  A  report  on  this  literature  survey  by  Halleen  and  Johnston  is  pre¬ 
sented  in  Appendix  XI. 

The  results  of  the  literature  survey  are  in  direct  contradiction  to  the  diffuser 
test  results  of  this  program,  where  experimental  data  from  the  compressor 
tests  showed  that  performance  did  not  deteriorate  even  though  throat  Mach 
numbers  were  higher  than  the  critical  values  reported  by  Halleen  and  Johnston. 
Since  no  analytical  procedure  existed  for  predicting  the  critical  Mach  number, 
it  was  necessary  to  test  channel  diffusers  at  high  subsonic  Mach  numbers  with 
sufficient  instrumentation  to  evaluate  this  anomaly. 

Several  possible  reasons  for  the  anomaly  were  considered: 

1)  The  consensus  of  the  literature  surveyed  by  Haleen  and  Johnston  regarding  a 
critical  Mach  number  at  high  subsonic  inlet  conditions  is  incorrect;  or 

2)  The  channel-diffuser  inlet  Mach  numbers  calculated  from  the  contractor's 
research  data  were  incorrect;  or 

3)  A  critical  Mach  number  did  exist  producing  a  region  of  poor  diffuser 
performance,  followed  by  a  gain  at  still  higher  Mach  numbers;  i.e. ,  the 
static-pressure  coefficient  with  respect  to  inlet  Mach  number  characteristics 
may  show  a  dip  at  some  high  subsonic  inlet  Mach  number. 

With  these  additional  questions,  it  was  necessary  to  enlarge  upon  the  available 
basic  channel-diffuser  information  to  determine  the  actual  channel  characteristics. 
Therefore,  supplemental  research  was  initiated  to  test  diffuser  channels  in  the 
Mach  number  range  of  0.2  to  1.4.  The  tests  were  conducted  with  single  channels 
in  a  flow  rig.  It  was  anticipated  that  the  data  from  a  single-channel  rig  would 
correlate  directly  with  the  compressor-diffuser  channel  static  pressure  test  data 
of  DI-1  and  DI-2.  These  earlier  compressor  tests  showed  that  the  flow  changed 

645 


CONFIDENTIAL 


CONFIDENTIAL 


from  vortex  to  1 -dimensional  channel  flow  just  inside  the  throat  (static  pressure 
was  nearly  constant  across  the  channel  diffuser  from  the  inlet  to  the  exit).  Be¬ 
cause  of  the  constant  static  pressure,  a  straight  2-dimensional  test  rig  was  con¬ 
sidered  acceptable  to  evaluate  the  channel  of  a  compressor  diffuser  if  the  blockage 
factor,  Mach  number,  and  Reynolds  number  at  the  channel  entrance  were  simu¬ 
lated  properly  and  if  the  geometry  corresponded. 

For  these  diffuser  tests,  pressure  recovery  was  correlated  on  5  independent 
parameters  (Figure  416): 

1)  Divergence  angle,  2  0; 

2)  Diffuser  length-to-throat  width  ratio,  L/W; 

3)  Throat  aspect  ratio,  AR  or  b/W; 

4)  Flow  boundary-layer  blockage  at  the  diffuser  throat,  where, 

1  p  _  flow  area  (equivalent  1 -dimensional) .  (48) 


5)  Throat  inlet-core  flow  Mach  number,  M^. 
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A  range  of  these  parameters  was  chosen  for  test  to  cover  the  region  of  interest 
for  centrifugal  vane -island-type  diffusers.  The  variables  built  into  the  diffuser 
models  are  listed  in  Table  XXVHL 


TABLE  XXVm 

VARIABLES  FOR  2- 

DIMENSIONAL  DIFFUSER  TESTS 

Aspect  Ratio 

26 

(degrees) 

Throat  Length 

W 

Diffuser  ~ 

_  JV 

4 

3 

10 

6 

11 

5.7  \ 

8 

15 

10 

19 

12 

35 

17 

4 

0.25 

6 

1.25 

0.25  ' 

8 

2.25 

15 

10 

4.25 

12 

7.25  - 

Different  throat-approach  lengths  were  used  at  both  aspect  ratios  to  give  different 
inlet  blockage  factors  at  the  diffuser-channel  entry.  Because  of  the  rig  setup,  all 
entry  velocity  profiles  were  of  the  accelerating  type;  therefore,  the  conclusions 
reached  here  apply  only  to  this  profile.  Further  work  (beyond  the  scope  of  this 
investigation)  should  be  done  to  determine  the  effect  of  velocity  profiles  on  the 
diffuser  recovery.  Aspect  ratios  much  greater  and  less  than  1.0  were  tested  to 
ensure  that  both  diffusers  which  diverge  in  the  meridional  and  in  the  radial  plane 
were  evaluated.  The  low  aspect  ratios  demanded  by  high-pressure -ratio 
machines  were  emphasized. 

The  results  of  the  tests  showed  that  no  critical  subsonic  Mach  number  existed 
below  Moore  =  1.0.  This  result  contradicted  the  consensus  of  the  literature. 
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Figure  396  shows  performance  of  a  diffuser  channel  at  an  aspect  ratio  of  5.7  for 
a  range  of  inlet  Mach  numbers  from  near  0.2  to  1. 0  and  beyond  (by  lowering  the 
back  pressure).  The  pressure  recovery  was  essentially  constant  up  to  an  internal- 
shock  Mach  number  of  1. 1,  after  which  performance  fell  off.  It  should  be  noted 
that  for  flows  larger  than  W*  ,  Mcore  =  1.0,  the  Mach  number  ahead  of  the  shock 
in  the  channel  is  plotted  rather  than  M^^  at  entrance  which  remains  1.0. 

After  the  throat-entry  core  Mach  number  reached  1.0,  further  reduction  in  back 
pressure  caused  a  shock  in  the  channel,  as  was  also  found  in  the  compressor- 
diffuser  channels  (see  schlieren  photographs ,  Appendix  X) . 

From  the  experimental  program,  the  following  conclusions  were  reached. 

1)  Performance  in  terms  of  static-pressure  recovery  versus  inlet  Mach  number 
does  not  show  a  critical  subsonic  inlet  Mach  number  above  which  performance 
suffers  a  drastic  drop. 

2)  Performance  for  supercritical  flow  (back  pressures  lower  than  for  MpQ..e 
inlet =  1-  0)  is  approximately  the  same  as  for  diffusers  on  the  verge  of  cnok- 
ing,  if  the  diffuser- channel  shock  Mach  number  is  less  than  about  1. 1  to  1.2. 

3)  The  range  of  new  data  includes  diffusers  in  Groups  A  and  B,  speculated  by 
Halleen  and  Johnston  to  have  different  behavior.  No  well  defined  groupings 
are  apparent  from  these  tests. 

4)  There  is  a  strong  dependence  of  the  optimum  diffuser  geometry  (for  maxi¬ 
mum  pressure  recovery)  on  aspect  ratio.  For  example,  at  a  given  blockage 
and  L/W,  maximum  pressure  recovery  occurs  at  2  0  =6  degrees  for  an 
aspect  ratio  of  5.7  and  at  10  degrees  for  an  aspect  ratio  of  0.25.  For  given 
values  of  blockage,  somewhat  higher  recovery  occurs  for  the  larger  aspect 
ratios.  This  conclusion  may  not  be  valid  for  all  values  of  blockage  and 
aspect  ratios.  However,  the  effect  of  aspect  ratio  is  not  as  large  as  might 
be  expected. 

5)  In  all  cases,  pressure  recovery  declines  with  increasing  blockage  for  fixed 
values  of  20  ,  L/W,  and  inlet  Mach  number. 

6)  Pressure  recovery  variation  with  inlet  Mach  number  appears  to  be  corre¬ 
lated  with  divergence  angle  (2  0 )  and  blockage  ratio  (B)  .  At  low  values  of 
blockage  (B  =  0.04), pressure  recovery  increases  slightly  with  increasing 
subsonic  Mach  number  at  small  divergence  angles  (20=4  degrees).  Static- 
pressure  recovery  decroases  slightly  with  increasing  Mach  number  at  the 
larger  divergence  angles  (2  0  =  12  degrees).  At  large  values  of  blockage 

(B  s  0.15),  pressure  recovery  is  relatively  constant  with  inlet  subsonic  Mach 
number  for  divergence  angles  (2  0  )  from  4  to  12  degrees. 
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7)  The  appearance  of  a  critical  Mach  number  in  the  published  literature  for  a 
Group  A  classification  of  diffusers  is  perhaps  a  miscalculation  of  true  inlet 
Mach  numbers  by  previous  investigators.  The  reason  may  be  that  many  pres 
sure  taps  are  needed  near  the  throat  to  determine  inlet  Mach  number  because 
of  the  large  gradient  of  static  pressure  in  a  straight  throat  at  high  subsonic 
Mach  numbers  due  to  friction  effects. 

7.2. 8  DIFFUSER  MODIFICATION  AND  RETEST 


The  evaluations  thus  far  have  been  related  to  the  basic  tests  of  the  3  vane-island 
diffuser  elements  DI-1,  DI-2,  and  DI-3,  and  the  straight-wall ,  2-dimensional 
diffuser  channels.  The  results  led  to  considerations  of  modifying  the  vanes  for 
possible  performance  improvements.  Therefore,  questionable  areas  which 
merited  further  investigation  were  identified,  and  additional  tests  were  conducted 
in  this  modification  and  retest  portion  of  the  program. 

Effect  of  Entry  Shock  Strength  on  Diffuser  Performance 

The  flow  model  previously  proposed  in  Section  7.2.2  described  the  effects  of 
throat  conditions  on  flow  range  and  performance.  It  was  shown  that  the  entry- 
shock  strength  (ahead  of  the  throat)  was  a  function  of  the  downstream  subsonic 
throat  Mach  number.  This  Mach  number  was  established  by  the  throat  area  and 
continuity  in  the  throat.  Also,  as  the  throat  Mach  number  was  reduced  across 
the  speed  line,  the  shock  strength  increased.  It  was  determined  that  the  stream¬ 
lines  adjusted  upstream  of  the  shock,  and  the  flow  accelerated  because  of  the 
increased  shock  strength.  The  strongest  shock  and  lowest  throat  Mach  number 
occurred  with  DI-2.  This  vane  set  also  showed  promise  of  producing  the  best 
performance,  but  its  range  from  full -flow  to  surge  was  below  expectations.  It 
was  believed  either  that  the  expansion  process  on  the  vane  suction  surface  or  the 
entry-shock  strength  caused  separation  and  surge. 

To  investigate  these  effects  further,  a  new  diffuser  was  designed,  similar  to 
DI-2,  except  with  a  3  percent  larger  throat  area.  It  was  expected  that  a  new 
diffuser  would  show  a  lower  throat  Mach  number  (0.7)  at  the  same  design  airflow 
as  DI-2.  Further,  it  was  expected  that  a  stronger  entry  shock  (1.5)  would  occur 
ahead  of  the  throat.  It  was  recognized  that  if  the  flow  responded  to  these  design 
inputs ,  the  upstream  acceleration  would  cause  the  Mach  number  ahead  of  the 
entry  shock  to  be  greater  than  at  the  impeller  tip,  which  was  a  nominal  1.3.  If 
the  diffuser  could  sustain  the  1.5  Mach  number  without  surging,  it  was  expected 
that  the  increased  static-pressure  rise  through  the  shock  would  result  in  an  over¬ 
all  diffuser  performance  increase .  But  another  important  consideration  was  that 
the  increased  shock  strength  might  further  reduce  the  airflow  range. 

The  new  diffuser  element,  designated  as  DI-X1-3,  was  tested  on  the  diffuser  rig 
at  design  speed.  The  results  are  compared  with  DI-2  in  Figure  417.  DI-X1-3 
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Figure  417.  Pres  sure -Ratio  Comparison,  DI-2  andDI-Xl-3. 
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showed  a  trend  toward  higher  performance;  however,  the  range  was  reduced 
significantly  (diffuser  surge  and  impeller  choke  occurred  at  nearly  the  same  air¬ 
flow)  .  The  Mach  number  upstream  of  the  entry  shock  was  about  the  same  as  that 
of  DI-2  near  surge  (Mx  *1.2).  The  radial  static -pressure  gradient  found  with 
DI-2  at  the  vane  leading  edges  occurred  also  for  DI-X1-3  tests.  The  radial 
static-pressure  gradient  ahead  of  the  vane  leading  edge  was  positive  when  the 
compressor  was  at  muximum  airflow,  but  this  gradient  was  reduced  and  again 
reversed  near  surge.  Figure  418  shows  the  static -pressure  field  of  DI-X1-3 
near  surge.  DI-X1-3  had  a  static-pressure  difference  of  -8.5  psi  across  the 
throat  entrance  (from  the  vane  leading  edge  to  the  pressure  tap  nearest  the 
suction  surface).  At  the  same  airflow  (2.5  pounds  per  second), DI-2  had  a  pres¬ 
sure  difference  of  +3.7  psi.  It  was  believed  that  this  difference  in  gradient  was 
caused  by  the  change  in  shock  strength.  Combining  this  test  with  the  data  of 
DI-1  and  DI-2,  it  can  be  concluded  that: 

1)  The  airflow  range  of  the  diffuser  is  directly  related  to  the  entry-shock 
strength  at  the  vane  leading  edge; 

2)  When  the  entry-shock  Mach  number  reaches  1. 15  to  1.20,  the  diffuser  will 
surge  for  impeller -tip  Mach  numbers  near  1.3; 

3)  The  overall  diffuser  recovery  is  increased  with  the  higher  entry-shock  Mach 
number  and  lower  throat  Mach  number. 

Because  surge  occurred  at  a  given  Mach  number  ahead  of  the  shock,  matching 
of  the  diffuser  to  the  impeller  required  further  examination.  Maximum  airflow 
of  the  impeller  was  determined  from  the  125-percent  area  test  discussed  in 
Section  6.2  (Figure  319).  By  examining  the  impeller  speed  lines  of  DI-1,  DI-2, 
and  DI-X1-3,  the  best  match  can  be  determined.  Figure  419  is  a  sketch  of  the 
operating  line  of  each  diffuser,  showing  the  effect  of  varying  the  diffuser  throat 
area  for  a  given  impeller. 

Because  maximum  flow  was  limited  by  the  impeller ,  the  largest  throat  area 
(DI-X1-3)  produced  the  Mach  number  ahead  of  the  entry  shock  necessary  for 
surge  at  almost  the  maximum  airflow. 

Effect  of  Throat  Length 

From  the  results  of  the  above  test,  it  was  apparent  that  to  achieve  best  com¬ 
pressor  performance  (both  pressure  recovery  and  airflow  range)  the  diffuser 
must  have  a  low  Mach  number  ahead  of  the  entry  shock  and  still  avoid  the  channel 
shock.  The  lower  Mach  number  ahead  of  the  shock  of  DI-1  (near  1.05)  produced 
the  best  airflow  range;  however,  this  Mach  number  also  resulted  in  a  high  throat- 
entrance  Mach  number,  a  downstream  channel  shock,  and  a  low  W*  Because 
the  shock  in  the  channel  was  related  to  the  sonic  condition  at  the  throat  exit, 
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Figure  418.  Static-Pressure  Field,  DI-X1-3. 
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Figure  419.  Comparison  of  Three  Diffusers  Showing  Match  to  Impeller. 


consideration  was  given  to  methods  of  eliminating  this  shock.  It  was  expected 
that  the  lower  throat-exit  Mach  number  would  be  achieved  with  DI-1 ,  using  a 
shortened  throat.  Fanno  line  calculations  showed  that  if  the  throat  length  were 
reduced  from  the  original  1/2  inch  to  1/8  inch,  the  flow  would  not  accelerate  to 
Mach  1. 0  at  the  throat  exit.  Therefore,  it  was  reasoned  tliat  pressure  recovery 
would  improve  at  the  same  airflow  range. 

It  was  also  recognized  that  the  shorter  throat  might  not  allow  enough  path  length 
for  the  flow  to  adjust  from  the  vortex  flow  of  the  vaneless  space  to  channel  flow; 
the  channel  entry  might  not  accommodate  the  early  aerodynamic  loading  and  flow 
turning  without  separation.  However,  it  was  anticipated  that  the  previously 
observed  multiple-shock  system  in  the  throat  section  would  not  extend  into  the 
diverging  channel. 

Neumann  and  Lustwerk  (Reference  38)  showed  that  the  length  of  the  flow  path 
required  to  complete  the  multiple  throat  shock  was  a  function  of  the  entry  Mach 
number.  If  the  Mach  number  level  at  entry  remained  the  same,  the  shock  might 
extend  downstream  into  the  channel  and  separate  the  diffuser  boundary  layer.  To 
avoid  this  situation  when  the  throat  was  shortened,  a  double  taper  was  cut  into 
the  pressure  surface  as  shown  in  Figure  420. 

With  this  small  area  increase  after  the  short  throat,  it  was  believed  that  the  flow 
would  not  accelerate  to  Mach  1.0  in  the  core  or  separate  the  boundary  layer 
because  the  area  increase  was  slightly  greater  than  the  expected  blockage. 

The  modified  DI-1  diffuser,  designated  DI-1-2,  was  tested  in  the  diffuser  rig  at 
impeller  design  speed.  The  results  of  the  test  are  shown  in  Figure  421.  The 
overall  pressure  ratio  of  the  compressor  was  increased  from  near  8.5:1  to  9.3:1. 
This  performance  was  the  highest  obtained  in  the  program  to  this  point.  The 

655 


CONFIDENTIAL 


CONFIDENTIAL 


surge  point  moved  to  a  slightly  lower  airflow  than  shown  for  the  original  DI-1; 
however,  the  test  demonstrated  that  high  pressure  ratio  can  be  obtained  with 
substantial  airflow  range.  A  possible  explanation  is  that  the  blockage  was  lower 
in  the  throat  of  the  DI-1-2  diffuser  because  of  the  shorter  throat.  With  the  larger 
effective  diffuser  throat,  a  higher-than-expected  entry-shock  strength  occurred. 

The  test  data  also  showed  that  the  flow  did  adjust  from  vortex  to  nearly  1- 
dimensional  in  the  shortened  throat  straight  section.  The  static-pressure  field 
of  DI-1-2  in  Figure  422  shows  only  a  4.3-psi  pressure  difference  across  the 
throat  at  1/4  inch  from  the  entrance  while  a  13.3-psi  pressure  difference  occurred 
just  upstream  of  the  throat.  The  shock  system  was  also  more  concentrated  in 
the  throat,  as  shown  in  the  schlieren  photographs,  Appendix  X,  Figures  131  and 
143. 

From  this  test,  it  can  be  concluded  that: 

1)  Friction  in  the  straight  section  of  the  throat  has  a  major  influence  on  the 
overall  performance  of  the  diffuser; 

2)  It  is  important  in  a  diffuser  design  to  ensure  that  the  flow  does  not  reach 
Mach  1.0  at  the  throat  exit  and  expand  supersonically  (i.e. ,  that  W*  >  W 
design); 

3)  Throat  Mach  numbers  near  1.0  will  result  in  best  overall  diffuser  perform¬ 
ance  if  the  channel  shock  can  be  avoided; 
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Figure  421.  Pressure-Ratio  Comparison,  DI-1  and  DI-1-2. 
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Figure  422.  Static-Pressure  Field,  DI-1-2. 
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4)  The  Mach  number  upstream  of  the  entry  shock  depends  in  part  on  the  diffuser 
throat  length; 

5)  The  short  throat  length  was  sufficient  to  allow  the  flow  to  adjust  from  vortex 
to  nearly  1 -dimensional  flow; 

6)  The  Fanno  line  calculation  which  suggested  the  throat  length  reduction  was  l 
the  right  direction. 

t  Symmetrical  Channel  and  Reduced  Divergence  Angle 

In j*ll  of  the  tests  discussed  thus  far,  the  diffuser  models  were  designed  with  10- 
degree  asymmetrical  divergence  angles.  All  of  the  divergence  was  on  the  pres¬ 
sure  surface;  the  suction  surface  was  straight  (see  design  discussion  and  sketches 
in  Section  2.3,  Diffuser  Design). 

t 

As  discussed  earlier  in  Section  7.2,  oil  traces  showed  that  the  secondary  flow 
was  bleeding  the  boundary  layer  from  the  suction  surface  and  perhaps  was  causing 
it  to  migrate  to  the  pressure  surface  (Figure  401). 

Because  all  of  the  divergence  was  taken  on  the  pressure  surface,  it  was  believed 
that  the  boundary-layer  buildup  was  sufficient  to  cause  separation  just  after  the 
throat.  By  reducing  the  divergence  in  this  region,  it  was  expected  that  this 
separation  would  be  reduced.  Therefore,  it  was  planned  that  a  new  diffuser 
similar  to  DI-2  be  investigated  with  similar  upstream  geometry  but  with  a  sym¬ 
metrical  channel  divergence. 

In  the  work  of  Reneau,  et  al  (Reference  42),  diffuser  static-pressure  recovery 
was  shown  on  maps  with  respect  to  geometric  variables  for  various  entrance 
boundary-layer  conditions.  This  work  was  for  the  incompressible  case;  its 
applicability  to  the  compressible  case  was  not  known.  The  concurrent  straight- 
wall  2-dimensional  compressible-diffuser  tests  had  not  progressed  far  enough  at 
*  this  point  in  the  program  to  be  used.  The  geometry  of  DI-1  and  DI-2  is  shown 

plotted  on  a  channel  diffuser  pressure -recovery  map  from  Reference  42  (see 
Figure  423).  According  to  this  incompressible  case,  both  diffusers  lie  outside 
the  region  of  maximum  recovery,  while  maximum  pressure  recovery  would  be 
i  predicted  with  an  8-degree  divergence  angle.  Therefore,  the  new  diffuser, 

designated  as  DI-X1,  was  designed  similar  to  DI-2  except  for  an  8-degree  sym¬ 
metrical-divergence  angle. 

DI-X1  was  tested  on  the  diffuser  rig  at  impeller  design  speed.  The  results  are 
compared  with  DI-2  in  Figure  424.  The  trend  of  the  speed  line  was  towards  a 
higher  pressure  ratio  than  DI-2;  however,  the  airflow  range  was  shorter  with  an 
earlier  surge. 
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Figure  423.  Pressure  Recovery  of  Two-Dimensional  Diffusers  With 
Turbulent  Inlet  Boundary  Layers . 

The  test  results  suggest  that  the  suction-surface  divergence  caused  the  channel  to 
be  less  stable. 


The  effects  of  the  entry  shock  on  the  streamlines  at  the  throat  entrance  have  been 
discussed  in  Section  7.2.2.  The  flow  acceleration  caused  the  streamlines  to  turn 
locally  into  the  pressure  surface,  creating  a  positive  incidence  on  the  vane 
(Figure  408).  The  expansion  region  on  the  suction  surface  resulted  from  this 
incidence,  which  might  separate  the  flow  and  lead  to  surge. 
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Figure  424.  Pressure-Ratio  Comparisons,  DI-2,  DI-X1,  and  DI-X1-2. 
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If  this  flow  model  was  correct,  an  adjustment  could  be  made  to  the  vane  angle 
which  would  extend  the  airflow  range  of  the  diffuser.  To  correct  the  incidence, 
a  new  diffuser  was  designed  with  an  angle  2  degrees  flatter  on  the  Buction  surface 
than  the  DI-2  diffuser;  i.e. ,  the  suction-surface  metal  angle  was  2  degrees 
closer  to  the  tangential  direction  (Figure  425). 


The  new  diffuser  (DI-2-2)  was  tested  at  design  speed.  The  test  results  are  com¬ 
pared  with  DI-2  in  Figure  426.  The  range  of  the  new  diffuser  was  less  than  that 
of  DI-2 ,  and  the  static-pressure  data  indicated  that  the  expansion  region  actually 
increased  when  compared  to  the  same  airflows  as  DI-2 .  The  pressure  ratio  was 
better  for  this  diffuser,  which  suggests  that  the  shock  structure  at  the  throat  was 
altered,  resulting  in  improved  boundary-layer  conditions  in  the  channel.  If  the 
boundary  layer  were  thinner,  the  airflow  range  would  have  been  reduced  in  a 
manner  similar  to  that  of  DI-1-2.  Conversely,  with  an  increased  entry-shock 
strength,  the  result  would  be  higher  pressure  recovery  and  shorter  range.  How¬ 
ever,  the  conclusion  can  be  reached  that  the  flatter  vane  angle  resulted  in  less 
airflow  range,  which  was  opposite  to  what  was  anticipated. 

Changes  in  DI-3 

The  original  16-channel-diffuser  design  was  evaluated  using  Reneau’s  incompres¬ 
sible  data,  Reference  42.  Figure  423  shows  the  16-channel  diffuser  plotted  on  a 
static-pressure  recovery  map  from  Reference  42.  The  performance  prediction 
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Figure  426.  Pressure-Ratio  Comparison,  DI-1  and  DI-2-2. 
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was  based  on  the  large  2  $  and  L/W  selected  in  the  design.  Therefore,  to  im¬ 
prove  the  expected  recovery,  the  diffuser  was  notched  in  the  channel  to  reduce 
the  effective  L/W  and  bring  DI-3  into  a  favorable  region  on  Figure  423.  Test 
data  from  this  configuration  are  shown  in  Figure  335. 

A  second  16-channel  diffuser  was  designed  and  tested  with  a  6-degree 
symmetrical-divergence  angle.  The  test  results  of  this  diffuser  are  also 
presented  in  Figure  336.  Again  the  airflow  range  was  very  short.  The  range  of 
the  modified  DI-3  was  about  the  same  as  that  of  the  DI-X1-3  diffuser.  Results  of 
the  single-channel  diffuser  tests  were  not  available  when  this  test  was  conducted, 
but  they  later  showed  that  the  channel  geometry  selected  was  not  optimum  for 
best  performance  in  the  compressible  case. 

7.2.9  CORRELATION  OF  DIFFUSER  CHANNEL  DATA 


The  single-channel  diffuser  tests  have  shown  the  relationship  between  static- 
pressure  recovery  (Cp)  ,  entrance  Mach  number  (Mx)  ,  and  blockage  (B)  .  The 
data  from  the  compressor-diffuser  tests  were  analyzed  in  a  similar  manner  and 
the  results  were  compared  to  the  single-channel  data.  Calculations  of  Cp,  Mx  , 
and  B  were  made  from  compressor  test  data  to  permit  basic  comparisons. 

Shock  strength  was  obtained  using  the  static-pressure  rise  across  the  shock, 
from  the  vane  entrance  to  the  throat  exit.  It  was  assumed  that  the  pressure  rise 
across  a  series  of  shocks  will  be  equal  to  that  across  a  single  normal  shock  as 
shown  by  Neumann  and  Lustwerk.  From  the  shock  static-pressure  rise,  the 
Mach  number  ahead  of  and  behind  the  shock  was  determined.  With  this  Mach 
number,  the  total  pressure  ahead  of  and  behind  the  shock  was  determined.  Know¬ 
ing  My  ,  the  blockage  factor  can  be  calculated  from  continuity,  where: 


(1-B)  = 


wa  a/a* 

K  P_  A 
T  geom 


(49) 


B 

W 

a 

TX 


=  blockage,  1-A  „  ..  /A 

effective  geometry 

=  airflow  (pounds  per  second),  (per  channel) 
=  total  temperature  (°R),  (core) 


A/A*  =  area  ratio  of  actual  area  to  area  required  for  flow  at 
M  =  1. 0  (based  on  M^)  - 


tWhen  no  uniform  core  exists  in  the  flow,  centerline  values  are  employed. 
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* 


P?  =  total  pressure  (psia)f  (core) 


K  =  constant,  0.532 

2 

Ageom  =  ^eometric  area  of  throat  per  channel  (In.  ) 


-  Mach  number  behind  entry  shock  (core) 


The  static-pressure  recovery  was  determined  from  the  total  and  static  pressures 
at  the  end  of  the  throat  and  the  collector  static  pressure.  The  total  pressure  at 
the  throat  exit  was  also  affected  by  the  Fanno  process,  which  required  considera¬ 
tion  of  the  wall-friction  factor.  Although  friction  factor  was  not  known,  high 
values  (as  suggested  by  Reference  38)  produce  little  change  in  total  pressure 
through  the  throat.  Uncertainty  of  this  factor  had  little  effect  on  the  reduced  data. 
For  pressure  recovery  calculations: 


C 


P 


(50) 


f 


1 


=  static-pressure  recovery  coefficient 
=  static  pressure 
=  core  total  pressure 
=  throat  exit  station 
=  diffuser  collector  station 


Comparison  Between  Straight  Channel  and  Compressor-Diffuser  Tests 

Good  agreement  was  found  between  the  compressor  and  straight  channel  diffuser 
tests;  therefore,  it  was  determined  that  single-channel  test  data  could  be  used 
directly  for  compressor-channel-diffuser  design. 

The  change  in  static -pressure  recovery  and  entrance  Mach  number  with  respect 
to  throat  blockage  is  shown  in  Figures  410  and  427.  The  single-channel  data  are 
also  shown  for  comparison.  It  can  be  seen  that  the  static-pressure  recovery  has 
a  strong  dependence  on  blockage,  illustrating  the  importance  of  the  entry  shock  on 
channel  performance.  Figure  427  shows  the  relationship  between  entry  shock 
Mach  number  and  blockage;  small  changes  in  Mx  will  have  a  large  effect  on 
blockage  and  therefore  on  the  channel  Cp  .  Note  that  the- blockage  at  any  shock 
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strength  greater  than  1. 0  is  substantially  larger  than  the  blockage  predicted  from 
friction  effects  in  the  vaneless  and  semivaneless  space.  No  information  could  be 
found  in  the  literature  relating  the  effect  of  a  normal  shock  on  the  characteristics 
of  a  boundary  layer  passing  through  it.  If  the  effect  of  Mx  or.  the  blockage  is  to 
be  predicted  analytically  in  the  future,  such  an  analysis  must  be  coupled  with  an 
experimental  investigation. 


« 


! 


Figure  427.  Throat  Blockage  Factor  Versus  Mach  Number  Ahead  of  Shock. 
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It  should  also  be  noted  that  the  performance  of  the  compressor  channels  is  slightly 
better  than  that  of  the  single  channel,  which  might  be  expected  from  the  high- 
turbulence  level  of  the  actual  entry  flow  in  the  compressor  compared  to  the  single¬ 
channel  rig.  The  high  turbulence  would  tend  to  keep  the  blockage  lower  for  a 
given  Mach  number  condition  and  energize  the  boundary  layer  in  the  diffuser. 

7.2.10  VARIABLE  AIRFLOW 


Tests  on  variable  airflow  capacity  were  conducted  to  determine  if  the  airflow  of  a 

^  high-pressure-ratio  single-stage  compressor  can  be  significantly  reduced  by 

rotating  the  vanes  to  change  the  throat  area  while  holding  the  incidence  to  the  surface 
constant.  A  previous  contractor-sponsored  research  program  successfully 
demonstrated  significant  airflow  changes  for  lower-pressure-ratio  compressors. 

The  diffuser  throat  area  was  reduced  with  a  blade-height  change  rather  than  by 
rotating  the  vanes  (see  Section  2.0,  Analytical  Studies).  The  overall  compressor 

1  performance  to  measuring  Station  I  with  the  DI-1  diffuser  is  presented  in  Figure 

315  for  50,000  rpm  and  Figure  317  for  39,000  rpm  (see  Section  6.0).  Figure  317 
shows  that  the  airflow  of  DI-1  was  reduced  an  amount  corresponding  to  the  throat 
area  changes  at  50, 000  rpm.  However,  when  the  throat  area  was  increased  above 
100  percent,  the  airflow  did  not  respond  and  the  flow  range  was  reduced,  and  flow 
choking  in  the  impeller  was  indicated  (the  diffuser  was  not  yet  choked).  The  com¬ 
pressor  efficiency  dropped  off  for  each  vane  position  tested,  which  was  as 
expected.  During  the  contractor-sponsored  program,  the  extreme  incidence  at 
the  inducer  was  corrected  with  adjustable  inlet  guide  vanes. 

These  tests  conducted  in  the  Army  program  showed  that  the  flow  at  surge  could 
be  varied  as  necessary  by  adjusting  the  diffuser.  Considerable  loss  was  intro¬ 
duced  at  50-percent  airflow;  however,  this  loss  could  be  corrected  with  an  inlet 
guide  vane.  Since  the  adjustable  airflow  concept  was  demonstrated,  no  further 
tests  of  this  type  were  conducted  in  order  to  concentrate  the  efforts  at  design 
airflow. 

i  7.2.11  RADIUS RATIO 


Tests  were  also  conducted  to  determine  the  effects  of  diffuser-vane  leading-edge 
radius  ratio  on  performance.  A  comparison  of  the  compressor  performance  with 
the  diffuser  vanes  set  at  1.  06  and  1.10  radius  ratio  (Figure  320,  Section  6.  0) 
shows  essentially  no  performance  difference. 

In  light  of  the  proposed  model  of  the  diffuser  flow,  it  is  apparent  that  a  radius 
ratio  change  from  1. 06  to  1. 10  should  not  have  a  large  effect  on  performance. 

These  early  tests  were  planned  using  a  conventional  approach,  based  on  the  theory 
that  the  flow  at  the- vane  leading  edge  would  be  subsonic,  having  undergone  a 
transition  in  the  vaneless  space.  However,  the  new  flow  model  shows  that  the 
Mach  number  must  be  essentially  constant  to  satisfy  the  Euler-n  equation  in  the 
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vaneless  and  semi  vaneless  spaces.  Therefore,  the  small  change  in  radius  ratio 
should  produce  little  effect  on  the  overall  performance  or  airflow  range. 

7 . 2 . 12  LOW-SPEED  SCHLIEREN  DATA 

The  previous  discussion  related  to  the  test  and  analysis  at  design  speed  (50, 000 
rpm),  where  the  impeller-tip  Mach  number  was  near  1. 3.  Also  of  concern  were 
the  flow  characteristics  and  diffuser  performance  at  lower  wheel  speeds.  The 
Mach  number  at  the  impeller  tip  reaches  1. 0  at  33, 500  rpm.  Referring  to  Ap¬ 
pendix  X,  schlieren  photographs  are  presented  for  DI-1  from  15, 000  to  50, 000 
rpm.  At  15, 000  rpm  the  impeller-tip  Mach  number  is  just  over  0. 6  and  no  shock 
system  is  visible.  However,  at  20, 000  rpm,  where  the  impeller-tip  Mach  number 
is  only  0.75,  shocks  can  be  seen  on  the  vane  pressure  surface  near  the  leading 
edge  and  in  the  channel.  The  shocks  show  that  the  flow  accelerated  around  the 
nose  of  the  vane,  went  through  a  two-dimensional  shock,  reaccelerated  to  Mach 
1.0  at  the  throat  exit,  expanded  supersonically  in  the  channel,  and  finally  went 
through  a  normal  shock.  It  was  concluded  that  this  flow  process  introduced  extra 
loss  in  the  overall  diffuser  from  many  sources,  because  the  flow  accelerated  and 
required  diffusion  at  high  Mach  numbers,  similar  to  the  cases  at  higher  speed. 

One  of  the  series  of  schlieren  photographs  in  Appendix  X  shthfs  DI-2  at  varying 
speeds.  The  throat  shock  system  does  not  occur  at  20, 000  rpm,  but  does  show  up 
at  25, 000  rpm,  where  the  impeller- tip  Mach  number  is  near  0. 85.  Since  the 
throat  area  of  DI-2  is  larger  than  DI-1,  it  suggests  that  a  different  design 
philosophy  may  be  necessary  to  obtain  maximum  performance  at  lower  tip-speed 
compressor  designs.  The  larger  area  and  lower  throat  Mach  number  may  be 
necessary  to  avoid  the  shock  complication.  It  is  presumed  that  at  the  lower  wheel 
speed  and  impeller-tip  Mach  number,  the  airflow  range  would  not  be  shortened  by 
a  larger  throat,  as  was  the  case  at  design  speed.  Other  schlieren  photographs  in 
Appendix  X  are  given  for  the  16-channel  vane-island  diffuser  (DI-3).  The  throat 
design  Mach  number  of  DI-3  was  the  same  as  DI-2  (M*  «  0.75).  The  schlieren 
photographs  again  show  that  the  shock  system  did  not  occur  in  DI-3  until  near 
25,  000  rpm,  which  is  similar  to  the  DI-2  case. 

7.2.13  CASCADE  TESTS 

The  first  test  of  the  cascade  diffuser  (3308)  showed  that  pressure  recovery  and 
flow  range  were  below  expectations.  Furthermore,  investigation  of  the  total- 
pressure  profile  at  the  tip  of  the  impeller  revealed  that  the  total  pressure  had  been 
adversely  affected  by  the  cascade  diffuser.  Data  analysis  and  the  earlier  in¬ 
vestigation  on  the  water  table  showed  that  excessive  flow  incidence  caused  a  strong 
supersonic  expansion  on  the  underside  (suction  surface)  of  the  vanes.  This  ex¬ 
pansion  was  believed  to  extend  into  the  impeller,  causing  the  deterioration  of 
impeller  performance. 
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To  correct  this  situation  the  vanes  were  restaggered  2  degrees  to  84.4  degrees. 
However,  the  throat  area  of  the  cascade  was  kept  constant  to  pass  the  design  air¬ 
flow.  Achieving  the  required  area  was  accomplished  by  the  modification  shown  in 
Section  6.2.4.  The  retest  (3308A)  with  the  modified  and  restaggered  vanes  pro¬ 
duced  approximately  the  same  results  as  the  first  test. 


A  third  test  was  nm  with  the  same  vanes  restaggered  to  86.4  degrees  (3308B). 
Figure  355  shows  that  this  configuration  produced  an  increase  in  range  and  pres¬ 
sure  recovery,  but  the  values  were  still  far  below  expectations.  The  total- 
pressure  profile  at  the  tip  of  the  impeller  showed  that  the  pressure  at  full  flow 
was  up  to  almost  the  level  of  DI-1  (Test  3306B).  However,  at  reduced  airflow  the 
pressure  was  still  below  predictions. 


Analysis  of  the  data  showed  that  the  aerodynamic  loading  of  the  cascade  was  too 
high  for  good  performance  to  be  achieved.  In  the  radial-flow  field  at  the  impeller 
tip,  the  flow  without  vane  interference  tends  to  follow  the  path  of  a  log  spiral. 
Calculations  showed  that  effective  air  turning  with  straight  vanes  was  14  degrees, 
resulting  in  a  diffusion  factor  of  0. 86  through  the  vanes. 


These  results  were  not  predictable  from  the  earlier  water-table  tests,  which  had 
shown  that  the  straight  vanes  could  be  used  successfully.  The  effects  of  high 
diffusion  with  the  expansion  on  the  suction  surface  were  believed  to  have  resulted 
in  conditions  that  caused  large  separations  and  wakes  through  the  vanes.  In  ad¬ 
dition,  the  shock  patterns  produced  by  the  31  vanes  and  their  closely  spaced  re¬ 
flections  into  the  impeller  were  presumed  to  have  influenced  the  flow  field  to  a 
far  greater  extent  than  expected.  These  conditions  were  found  to  be  significantly 
different  from  the  vane-islands,  and  changes  in  vane  shape  to  add  camber  were 
studied.  However,  if  this  change  were  incorporated,  it  was  apparent  that  the 
shock  pattern  would  persist.  Furthermore,  a  large  number  of  tests  would  be 
required  to  develop  the  cascade  diffuser  to  obtain  a  performance  level  comparable 
to  the  vane-island- type  diffuser. 

It  was  concluded  that  the  expenditure  of  effort  required  to  refine  the  cascade  was 
beyond  the  time  phasing  of  the  program  and  would  dilute  the  research  necessary 
to  develop  the  flow  model  of  the  vane-island- type  diffusers.  In  addition,  the 
better  potential  shown  by  the  vane-island  tests  led  to  the  decision  that  further  work 
on  the  cascade  be  deleted  from  the  program. 


7 . 2.14  DIFFUSER  DESIGN  METHOD 


It  has  been  shown  that  the  major  static-pressure  rise  through  the  diffuser  occurs 
in  the  diverging  channel  and  that  the  channel  static-pressure  recovery  is  dependent 
on  throat-entrance  blockage  and  the  entrance  Mach  number. 
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The  channel  diffusers  tested  in  this  program  were  designed  with  a  straight  section 
at  the  diffuser  throat,  and  it  was  determined  that  channel  performance  was  de¬ 
pendent  on  the  relation  of  this  throat  length  to  the  diffuser-entrance  Mach  number. 

In  addition,  the  entrance  subsonic  Mach  number  accelerated  through  the  throat 
straight  section  in  accordance  with  Fanno  line  calculations.  If  the  throat  has  a 
critical  length  with  respect  to  the  entrance  Mach  number,  the  flow  at  the  throat 
exit  will  be  sonic.  Therefore,  the  flow  at  this  condition  may  undergo  supersonic 
acceleration  into  the  diffuser  channel  and  will  be  accompanied  by  a  normal  shock. 

At  shock  entrance  Mach  numbers  above  1. 1  to  1.2,  the  channel  performance 
deteriorates  rapidly  as  shown  by  the  two-dimensional  channel-diffuser  data  in  1 

Appendix  XII.  The  best  channel  performance  with  respect  to  inlet  conditions  and 
geometry  is  also  shown  in  Appendix  XII, 

Based  on  the  flow  model,  and  the  analyses  in  Sections  7.2.1  through  7.2.12,  the 
following  general  guidelines  are  presented  for  the  diffuser  design  to  be  used  in  a 
high-pressure- ratio  centrifugal  compressor.  * 

1)  Determine  the  total  pressure,  total  temperature, and  flow  angle  after  mixing 
in  the  vaneless  space.  Based  on  these  impeller  parameters  the  radius  ratio 
where  mixing  is  complete  should  be  determined.  Locate  the  leading  edge  of 
the  diffuser  vane  at  the  radius  where  impeller  mixing  is  complete.  Because 
little  diffusion  takes  place  in  the  vaneless  space,  there  is  no  advantage  in 
designing  for  a  larger  radius  ratio . 

2)  Design  the  vane  suction  surface  with  an  angle  equal  to  the  flow  angle  after 
mixing. 

3)  Establish  the  suction-surface  contour  using  the  log  spiral  equation  as  a 
first- try  guideline. 

4)  A  proper  balance  must  be  established  among  the  throat  area,  blockage, 
diffuser-throat  thermodynamic  state  and  Mach  number  upstream  of  the  entry 
shock.  The  boundary- layer  growth  through  the  vaneless  and  semivaneless 
spaces  can  be  estimated  by  using  flat-plate  boundary-layer  theories;  however, 
because  no  reliable  analysis  is  available  to  predict  the  sudden  growth  of 
boundary  layer  through  the  entry  shock,  the  data  correlation  between  entrance 

Mach  number,  blockage  factor,  and  channel  static-pressure  recovery  can  be  f 

used  to  determine  the  throat-design  conditions  and  the  final  channel  static- 
pressure  recovery.  The  throat  entrance  Mach  number  should  be  0. 8  to  0. 9 
and  the  throat  straight  section  must  be  short  enough  to  avoid  reacceleration  of 
the  flow  to  Mach  1. 0  at  throat  exit. 
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5)  Optimum  diffuser-channel  performance  can  be  predicted  on  the  basis  of  throat 
blockage  and  throat  aspect  ratio.  The  compressible  2-dimensional-diffuser 
data  presented  in  Appendix  XII  can  be  used  directly  for  the  diffuser-channel 
design. 
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